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“All we have to decide is what to do with the time that is given us” 







Entre as complexas operações envolvidas na produção de petróleo, a acidificação 
matricial é uma das etapas envolvidas na recuperação avançada e tem o objetivo de 
aumentar a eficiência de produção de um poço produtor através da remoção de danos 
e aumento de permeabilidade da rocha reservatório. Este aumento de permeabilidade 
se baseia na reação química entre o fluido estimulante de natureza ácida e a matriz 
rochosa de natureza carbonácea como as que são encontradas no Polígono do Pré-Sal 
brasileiro. Para que o processo de estimulação seja bem sucedido, o ácido utilizado deve 
formar canais de alta permeabilidade na rocha reservatório conhecidos como 
wormholes cuja formação é controlada pelo fluxo do fluido estimulante injetado e a taxa 
de dissolução ácida do carbonato. Um dos desafios da acidificação matricial é a 
estimulação das regiões de menor permeabilidade natural e, para isso, existem os 
fluidos ácido divergentes que modulam sua viscoelasticidade de acordo com a 
neutralização do fluido. Fluidos contendo agregados coloidais de surfactante conhecidos 
como micelas gigantes (MG), podem ser formulados para modular sua viscoelasticidade 
de acordo com a acidez e concentrações de íons em solução e são, portanto, potenciais 
fluidos para serem utilizados como divergentes na etapa de estimulação de poços 
produtos de petróleo. 
As micelas gigantes são agregados dinâmicos de grande razão de aspecto que são 
formados a partir de interações intermoleculares. Dependendo das condições físico-
químicas do sistema, como temperatura, pH, concentração ou força-iônica, as MG 
podem variar seu comprimento de contorno de alguns nanômetros a dezenas de 
micrometros e tais mudanças causam grandes variações reológicas nos fluídos que as 
contêm, possibilitando a aplicação em fluidos para a estimulação ácida. 
Assim, neste trabalho, foram desenvolvidos fluídos contendo MG responsivas a 
estímulos externos, em especial ao pH. Uma parte do projeto foi dedicada ao 
desenvolvimento de pesquisa fundamental, buscando entender a natureza das 





feitas caracterizações reológicas, calorimétricas, entre outras, buscando correlações 
entre estrutura e propriedade. Com base nestes resultados, em colaboração com o 
Centro de Pesquisa PETROBRAS (CENPES-PETROBRAS), foram desenvolvidos fluidos, que 
possuem tecnologia protegida por pedido de patente que deverão ser aplicados em 








Among the complex operations involved in oil production, matrix acidification is one of 
the steps involved in advanced recovery and aims to increase the production efficiency 
of a wellbore by removing damage and increasing the permeability of the reservoir rock. 
This increase in permeability is based on the chemical reaction between the stimulating 
fluid of acidic nature and the matrix of carbonaceous nature such as those found in the 
Brazilian Pre-Salt Polygon. For the stimulation process to be successful, the acid used 
must form high permeability channels in the reservoir rock known as wormholes whose 
formation is controlled by the flow rate of the injected stimulating fluid and the acidic 
dissolution rate of the carbonate. One of the challenges of matrix acidification is the 
stimulation of the regions with less natural permeability and, for this, there are diverting 
acid fluids that modulate their viscoelasticity according to the neutralization of the fluid. 
Colloidal fluids containing surfactant aggregates known as wormlike micelles (WLM), can 
be formulated to modulate their viscoelasticity according to acidity and ion 
concentrations in solution and, then, are potential fluids to be used as diverting fluids in 
the matrix acidizing step. 
Wormlike micelles are dynamic aggregates of great aspect ratio that are formed through 
intermolecular interactions. Depending on the physicochemical conditions of the 
system, such as temperature, pH, concentration or ionic strength, WLM can vary its 
contour length from a few nanometers to dozens of micrometers and such changes can 
cause great rheological changes allowing the fluids to be used for acid stimulation. 
In this thesis, fluids containing WLM responsive to external stimuli, especially pH, were 
e developed. Part of the project was dedicated to the development of fundamental 
research, seeking to understand the nature of the molecules that could generate 
wormlike micelles under different conditions. For this, rheological and calorimetric 
characterizations were made, among others, looking for the correlations between 
structure and properties. Based on these results, in collaboration with PETROBRAS 





technology protected by a patent application whose use in the field is planned to be 
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The introductory part will begin with the presentation of the application investigated in 
this thesis, which would be the matrix acidification in the process of stimulation in oil 
wells, explaining how this step is performed in the field and which parameters are 
important for the formation of high conductivity channels in the reservoir rock known 
as wormholes and how the diverting acid fluids can be used to promote a successful 
stimulation step. As the diverting fluids are mostly composed of solutions containing 
high concentrations of surfactant and also, fundamentally, the colloidal aggregates 
formulated and characterized in the thesis are composed of surfactants, the next 
chapter was dedicated to the fundamentals of the surfactant molecules and in its 
property of self-aggregation in solution. As will be presented, surfactants can self-
aggregate in different morphologies, but the morphology of interest for this thesis will 
be the wormlike micelles (WLMs), that are elongated dynamic aggregates formed 
through intermolecular interactions. The technological basis of diverting acid fluids can 
be through WLMs responsive to pH and ionic strength, and, for this reason, this second 
chapter was completed presenting the concept of smart WLMs and their different 
external stimuli possible. Finally, the introduction ended with the presentation of the 
rheology and the isothermal titration calorimetry fundamentals, which were the two 
main techniques used for the characterization of the investigated fluids. In addition to 
the general aspects of the techniques, part of the chapters were intended to explain 
how these techniques can be used to characterize fluids containing WLMs and, also, a 
history of the proposals for interpreting the enthalpograms of WLM formation was 
presented and as our research group contributed scientifically to this understanding. 
The results and discussion can be understood by dividing in 3 blocks involving 2 studies 
each. In the first block, the formation of WLMs with aminoquaternary cationic surfactant 
and derivatives of chlorobenzoate or 4-halogenbenzoate was investigated in order to 
study the role of the positions and the nature of the substituent of the aromatic 





fluids containing WLMs responsive to pH or also to ultraviolet light were investigated. 
One of these fluids, the one responsive exclusively to pH, was investigated because it 
has the ideal rheological profile expected for a diverting fluid. Finally, in the third block, 
important aspects for acid stimulation were investigated, such as how the acid 
dissolution rate of carbonate is influenced by changing the nature of the carbonate and 
the acid used; how the rheological profile of a diverting acid fluid should be and its flow 
tests in core-flooding experiments. For this last block, the experiments were done for 
two commercial diverting acid fluids used today in the field and, also, using our own 

















1. Acid stimulation in oilfield industry 
 
Although investments in studies for the generation of efficient, clean and sustainable 
energies are continually increasing, especially in recent years, the use of oil for power 
generation (and derivative products) is still a very important and omnipresent source for 
this purpose [1]. In the oil field, the increase in extraction efficiency is quite challenging 
but has been growing with the development of new techniques and fluids in the 
stimulation stage of oil extraction. Stimulation techniques aim to increase productivity 
by increasing the permeability of the reservoir rock and also by removing damage of the 
reservoir in stages prior to stimulation stage [2–5]. In this sense, several stimulation 
techniques were developed and, among them, there are two that are worth mentioning 
which are the hydraulic fracturing (physical process) and the matrix acidification 
(chemical process). 
In hydraulic fracturing, a fluid is injected under high pressure, well above the reservoir 
pressure, in order to create cracks in the reservoir rock which increase the reservoir 
permeability [6]. This technique is vastly used in wells where the reservoir rock is of 
siliciclastic nature and/or reservoirs of low permeabilities, where the incorporation of 
stimulating fluids into the formation becomes unfeasible. When successfully applied, 
this technique has strong penetration and the cracks generated can easily reach 
hundreds of meters of penetration radially to the wellbore. After these cracks are 
opened, the trend is that they tend to close when the injection pressure is relieved and, 
so as avoid this, a support material called proppant (solid particulates) [7] is injected 
together with the fluid. It is also possible to use acid fluids for hydraulic fracturing in 
order to combine the efficiency of crack formation, due to high injection pressure, with 
the reaction power of the acid fluid for the application in carbonaceous reservoir rock. 
This application is called acid fracturing [8]. Fracturing has several difficulties and 
strategies for using the fluid depending on the well that will be stimulated, but as 






Matrix acidizing, stimulation method of interest of this thesis, is a technique that has 
become essential in the production of oil in wells of carbonaceous nature and still has a 
strong investment in the development of new methods, fluids and technologies for 
stimulation since more than half of the world's oil and gas reservoirs are still 
carbonaceous in nature [9,10] (including the largest reservoir in the world, Guawar Field, 
in Saudi Arabia) and, in particular, those found in the Brazilian pre-salt polygon, between 
Campos and Santos Basins. 
In matrix acidification, a reactive acid fluid is injected into the reservoir, slightly above 
the reservoir pressure, in order to dissolve the formation rock and the materials that 
plug the pore spaces [11]. The dissolution removes particles that create resistance to 
flow and, mainly, creates high permeability flow channels known as wormholes [3,12] 
as can be seen in Figure 1 as an illustrative example. 
 
 
Figure 1. Oil well stimulated by the matrix acidification process. Horizontal inlets refer 
to the perforating channels and the branches to the wormholes formed through the 
reaction of the acid fluid with the carbonaceous rock of the reservoir. Perforation 





The matrix acidification process increases the flow capacity close to the wellbore, at 
distances less than 10 meters of high density radially from the well [9]. The key 
parameters that govern the formation of the wormhole are the rate of reaction of the 
stimulating acid with the carbonaceous rock of the formation and the rate of convective 
and diffusive transport of the acid through the carbonate. These parameters can be 





 Eq. 1 
 
Where 𝑞 is the flow rate into the wormholes, 𝑑 and 𝐿 the diameter and length of the 
wormhole, respectively, and 𝜅 is the overall dissolution rate that depends on the fluid-
rock system [13–15]. When the Damköhler number is high, as in the case of low flow 
rates and/or high reactivity of the fluid with the carbonaceous rock, the dissolution is 
predominantly facial with low or no penetration into the reservoir rock, which is not 
desired. For cases where the Damköhler number is low, characteristic of injections with 
high flow and/or low reactivity, the penetration and dissolution of the reservoir by the 
acid fluid is intense which can lead to great damage in the formation and a large volume 
of acid is required per meter of wormhole formed. The ideal condition then is one where 
the Damköhler number is intermediate, where high conductivity flow channels are 
created, with controlled reactivity and low acid fluid consumption per meter of 
wormhole formed. Thus, the control of the reaction rate of the acid fluid with the 
carbonaceous rock (through the use of different acid fluids) and the flow used in the 
stimulation process are fundamental for the type of dissolution and wormhole formed 
[16,17]. Figure 2 shows the dependence of the pore volume to breakthrough (PVBT, 
which is the volume of acid needed, in units of porous volume of the rock, to run through 
the entire carbonate throughout the dissolution process) for acid fluids with different 







Figure 2. Normalized number of pore volumes to breakthrough as function of the inverse 
of the Damköhler number for a wide range of fluid/mineral systems. HCl means 
hydrochloric acid; HAc acetic acid; EDTA ethylenediaminetetraacetic acid; CDTA 1,2‐
cyclohexane‐diaminetetraacetic acid and DTPA diethylenetriaminepentaacetic acid. 
Adapted with permission from reference [13]. 
 
It is possible to observe a master curve in Figure 2, where the different types of 
dissolution patterns are highlighted: face dissolution; conical wormhole; dominant 
wormhole; ramified wormhole and uniform dissolution. These different types of 
dissolution pattern can be visualized in Figure 3. 
It is possible to observe in Figure 3 (from top to bottom) that the dissolution pattern 
obtained in stimulation can vary from facial dissolution to uniform dissolution, changing 
the reactivity of the injected acid fluid to one that has less reactivity with the carbonate 
matrix and/or increasing the injection flow in the formation. In facial dissolution, due to 
high reactivity and/or low injection flow, the penetration of the fluid in the formation is 
negligible and practically all of it is consumed in the face of the formation. At the other 
end, when fluid reactivity is extremely low with the carbonate and/or high flow rates 




stimulating fluid is consumed. These both conditions are not desired during the 
stimulation process and there is no formation of wormholes. 
 
 
Figure 3. Dissolution patterns formed during reactive flow in carbonaceous rocks and 
the corresponding volume to break through the carbonate. The fluids were injected 
from left to right and the images were acquired by neutron radiography using 
hydrochloric acid (HCl) or ethylenediaminetetraacetic acid (EDTA) as a reactive fluid. 
Adapted with permission from reference [13]. 
 
So as to induce the formation of high permeability channels in the interior of the 
carbonates (wormholes), intermediate reaction and flow conditions must be employed. 
For these cases, when the fluid still has relatively high reactivity and/or low flow is 
employed, the wormhole formed is of the conical type where the main channel is 
relatively wide and of low penetration. Decreasing the reactivity a little more and/or 
increasing the flow, the wormhole formed is of the dominant type, where the main 
channel is narrower and of high penetrating power. This is the type of wormhole most 




the injected acid fluid and represents the most effective conditions for stimulation [13]. 
Finally, by decreasing the fluid reactivity and/or the injection rate a little more, the 
wormhole formed is extremely branched and to have the same depth in stimulation, 
large volumes of acid are needed. 
In the acid carbonate dissolution reaction, in addition to the acid used, the mineralogical 
nature and the composition of the carbonate used also has a great influence on the 
reaction rate as well as its petrophysics [18]. Carbonaceous reservoirs are generally 
composed of limestones (CaCO3) and/or dolomites (CaMg(CO3)2) of different 
petrophysical nature (permeability and porosity) that vary considerably in their 
reactivity to different acid fluids. As an example, it is known [19–22] that the acid 
dissolution rate of limestone or dolomites is higher when aqueous hydrochloric acid 
solutions are used instead of organic acids such as acetic acid which means that, for 
reservoirs or stimulation zones composed mostly by dolomites (naturally less reactive), 
the use of acetic acid can make the stimulation process a failure due to the very low 
reactivity between species. Thus, the previous prospecting of the mineralogical nature 
of the well and the acid fluid that will be used in the matrix acidification stage is essential 
for a successful stimulation process. 
Conventional acids such as hydrochloric acid are widely used as stimulating fluids in 
matrix acidification [23], but their use has several disadvantages such as high reactivity, 
corrosion and, mainly, incorporation of the stimulating fluid in the regions of high 
permeabilities of the stimulation zone. As consequence, the zones of less natural 
permeability remain practically unstimulated. Acids such as acetic, hydrofluoric, citric 
acid, among others, can also be used to overcome some of the problems associated with 
high reactivity, but, as will be shown in Chapter 12, the reactivity of the acid fluid with 
the carbonate and, consequently, the formation of the wormhole, in addition to the flow 
parameters, are strongly influenced by the petrophysical and the composition of the 
carbonate and the acid fluid. 
To circumvent the problem of incorporating the stimulating fluid only in the areas of 
greatest natural permeability, diverting acid fluids can be used in the acid stimulation 
stage and they aim to "diverge" the virgin acid fluid to areas of less natural permeability 




viscosity and viscoelasticity. As with conventional acid fluids, diverting acid fluids also 
have low initial viscosity to facilitate their pumping down the well and incorporation into 
the reservoir rock and they also are incorporated into regions with high permeabilities 
in the stimulation zone. After being incorporated, initially in the zone of high 
permeability, they react and trigger the increase of the fluid viscosity and, consequently, 
decrease the local permeability, as if it were a plug in the region incorporated, causing 
the virgin fluid to be redirected to the areas of less natural permeability and also 
stimulate and form wormholes in these regions. As the reaction progresses, so that it 
does not cause permanent damage to the formation, after a given neutralization degree, 
the viscosity of the reacted fluid drops avoiding the obstruction (mechanical) of the 
wormholes formed, and, then increasing the permeability of the reservoir and the 
stimulated zone. A schematic illustration of the matrix acidification process using 
diverting acid fluids can be seen in Figure 4. 
Polymeric fluids (gelled) [15,24–27] or fluids containing wormlike micelles (viscoelastic 
surfactants, VES) [15,28–31] are used as diverting fluids by oil companies in the 
stimulation stage of oil extraction. Polymeric fluids are widely used due to their ease of 
preparation and low production cost, but fluids containing wormlike micelles (WLM, 
colloidal self-assembly structure discussed in section 2.3) are often more interesting 
because in addition to having the properties of reducing friction and suspending and 
carrying solid particles such as the polymeric fluids, they also have the advantages of 
reconstituting the rheological properties of the fluid after high shear and temperature 
since they are structures formed by intermolecular interactions and not covalent bonds 
as in polymers. Therefore, their properties can be tuned for each step of the acid 
stimulation, such as low viscosity, in the beginning of the stimulation, high viscosity after 
some degree of neutralization and, again, low viscosity at the end of the process. This 
later characteristic is very advantageous relative to the polymeric fluid, in which their 
chains must be destroyed by adding chemical additives at the end of the stimulation 
and, for fluids containing WLM, this is not necessary because once it comes in contact 
with oil or with the with the advance of reaction, its viscosity naturally decreases due to 






Figure 4. Matrix acidification using a diverting acid fluid. (A) Stimulation zone (post-
perforation) containing carbonaceous rocks of two different natures, the upper one 
being less permeable than the lower one. (B) The virgin low-viscosity fluid is 
incorporated into the region of greatest natural permeability. (C) The reaction of the 
stimulating fluid with the carbonaceous rock causes the formation of wormholes and, 
with neutralization, the increase of the fluid viscosity and the decrease in local 
permeability. The virgin fluid is diverted to areas of less natural permeability, causing 
these regions to be stimulated as well. (D) As the neutralization reaction of the acid 
stimulating fluid advances, the viscosity of the fluid decreases, making it to be recovered 
and, then, increasing the productivity of the stimulated zone. Perforation channels and 
the wellbore dimensions are out of scale for illustration purposes only. 
 
Part of the project and then, the thesis, was intended for the development and 
characterization of a diverting acid fluid based on pH-responsive wormlike micelle. 









2. Surfactants and self-assembly [32–39] 
 
2.1. Surfactants and their properties 
 
Surfactant is a class of molecules that has surface activity and can self-assemble in 
solution in specific conditions. They are amphiphile molecules, where part of the 
surfactant molecule has favorable interactions with the solvent (lyophilic) and the other 
part not so good interactions with the solvent (lyophobic). When in aqueous solutions, 
the lyophilic and lyophobic parts are called, respectively, as hydrophilic or “head” group 
and hydrophobic or “tail” group. In water, the head group has solubilizing functionality 
and it can be an ionic (cationic, anionic or zwitterionic) or a highly polar non-ionic group 
such as poly(ethylene glycol) or polyol groups (as sugars) and the tail is generally a 
hydrocarbon chain varying from a straight-chain alkyl groups (C8-C22), branched-alkyl 
groups, unsaturated akenyl chains, alkylbenzenes, and so on. Some common examples 
of surfactant chemical structures can be seen in Figure 5. From now on, the fundaments 
will be presented with the continuous phase being water which makes the lyophilic and 
lyophobic parts of the surfactant implicit. 
Molecules at the interface solution/air experience fewer attractions when compared 
with the molecules of the bulk phase and hence have a higher chemical potential than 
the ones in the bulk. So, to transport molecules from the bulk to the surface to increase 
the surface area, 𝐴, a positive work is necessary. The surface tension, 𝛾, is “the work 
required to increase the area of a surface reversibly and isothermally by a unit amount” 
and is represented by Eq. 2. 
 












Figure 5. Examples of surfactant molecules of different natures. From top to bottom, 
cationic (tetradecyltrimethylammonium bromide), anionic (sodium dodecylsulfate), 
zwitterionic (lauramidopropyl betaine) and two non-ionic surfactants (triton X and 
poly(ethylene glycol) alkyl ether). At the top it is also highlighted the lyophobic or tail 
group and lyophilic or head group parts of the cationic surfactant. 
 
Liquids with strong intermolecular interactions, as water, have high values of surface 
tension (71.99 𝑚𝑁 𝑚−1 at 25 °𝐶 [40]) and the dissolution of solutes can increase or 
decrease its value, being the last much more common. When surfactant molecules are 
dissolved in water, the lyophobic group causes a restructuring of the solvent molecules 
leading to an increase of the free energy of the system. To reduce this energy, in very 
dilute conditions, the surfactant molecules concentrate at the solution/air interface, 
with the tails and head group pointed to the air and aqueous phases, respectively. Due 
to this configuration, surfactants drastically change the surface properties of the 
solution, being able to easily reduce the solution interfacial tension by more than 90% 
when compared to pure water depending on the molecular structure of the surfactant 




2.2. Surfactant self-assembly 
 
As the interfaces begin to be saturated with the increase of surfactant concentration, 
the overall energy reduction may continue through other mechanisms like the self-
aggregation in the bulk phase. The most known and the first aggregate to be formed in 
solution in the majority of the surfactants is the spherical micelle, where the surfactant 
head group remains in direct contact with the solvent molecules and the tail group in 
the interior of the aggregate as can be seen in Figure 6. The term “micelle” was created 
by K. Nägeli in 1858 but it was first used in the sense of surfactant self-assemble by 
McBain in 1914 in one of his own publication [41] and it was initially harshly criticized 
by scientific community mainly by Hartley, who, in the late of 1930s correctly proposed 
the configuration of the spherical micelles [42,43]. A schematic illustration of spherical 
micelles is represented in Figure 6. 
 
 






The surfactant concentration where the aggregate is formed is called critical micelle 
concentration (CMC) and the concentration of unimers in solution after the CMC 
remains virtually unchanged and only more aggregates are formed with the increase of 
surfactant concentration. With the process of aggregation, several bulk solution 
properties change its trend as function of the surfactant concentration like osmotic 
pressure, electrical conductivity, turbidity, calorimetry, fluorescence, surface tension 
and so on and they can be used to measure the surfactant CMC [32]. 
The driving force for micelle formation is a balance of the forces favoring and retarding 
the molecular aggregation process. From the surfactant molecules point of view, the 
initial state is the molecules solubilized in water and at interfaces and the final state is 
the spherical micelle, with the headgroup interacting with the water molecules and the 
apolar part with each other in micelle core. From the water molecules point of view, the 
initial state is the consequence of the rupture of the icelike structure in pure water and 
the solvation of the surfactant molecule, both the hydrophilic and hydrophobic part, and 
the final state is the water molecules interacting with each other and with the surfactant 
headgroup. In terms of Gibbs free energy, even though the surfactant molecules lose 
mobility due to the micellization process and great steric and/or ionic repulsion occurs 
between the heads of the surfactant, the entropic gain that occurs due to the release of 
the water molecules that were previously hydrating the hydrophobic part of the 
surfactant is much greater (called as hydrophobic effect), making the whole process of 
aggregation entropically favorable. Additionally, the steric/ionic repulsion between the 
surfactant headgroup and the strong ion-dipole interaction between the water 
molecules and the surfactant headgroups is crucial for the system do not phase separate 
with the micelle formation [32]. 
Even though the structure of the spherical micelle is dynamic, the size distribution, 
surface area and the core volume of the aggregates are consequences of the packing of 
the surfactants into the aggregates. Depending on the system investigated (type and 
structure of the surfactant considered, presence or not of a third or fourth component, 
physicochemical conditions, etc.) it is possible to perceive other forms of aggregates in 
solution as for example elongated structures called wormlike micelles (WLM), bilayers 




even inverse structures. Israelachvili [44–46] has shown that the structure formed can 
be foreseen looking at the geometric factors that the surfactant molecule assumes when 
it is in the aggregate. This relation, called critical packing parameter, CPP, is defined as 
the relation between the lyophilic and lyophobic dimension of the surfactant molecule 
by (𝑉/ℓ)/𝑎0 where 𝑉 and ℓ are the volume and the critical length of the hydrophobic 
tail of the surfactant and 𝑎0 is the optimum head group area. The CPP relation can be 
seen in Figure 7 for the spherical micelle shown in Figure 6. 
 
 
Figure 7. Critical packing parameter definition and the relevant structural parameters of 
the surfactant in a spherical aggregate in aqueous solution. 
 
As lower the curvature of the aggregate, higher is the surfactant CPP. For spherical 
micelles the CPP expected is lower than 1/3, WLMs or rod-like micelles between 1/3 and 
1/2, vesicles and flexible bilayers between 1/2 and 1, planar bilayers structure have CPP 
around 1 and inversed structures (with the tail and headgroup toward to solvent and 
structure core, respectively, commonly observed in apolar solvents) with CPP higher 
than 1. Even being possible [47], in general the calculation of surfactant CPP is not 
necessary during the investigations but it is an interesting relation to keep in mind to 




surfactant equilibrium structure in specific physicochemical conditions prior its 
investigation. For example, if high curvature aggregates in solution are desirable (low 
CPP), surfactants with single chain and/or relatively large head groups are chosen and, 
if low curvature aggregates are required (high CPP), double-chain and/or small head 
groups are chosen. The WLMs are the morphology of interest in this thesis and the 
discussion from now on will be targeted at this type of aggregate. 
 
2.3. Wormlike micelles [48–50] 
 
It is possible to manipulate the surfactant CPP changing the physicochemical properties 
of the solution like concentration [51,52], temperature [53–55], pH [51,56,57], ionic 
strength [58–60], and so on. As an example of aggregate morphology change, let us take 
the quaternary ammonium salt like cetyltrimethylammonium bromide (C16TAB) which is 
vastly used in colloidal science. The phase diagram of C16TAB in water can be easily found 
elsewhere [61] and it shows that the Krafft temperature (temperature for the phase 
transition from solvated solid surfactant to the solution phase or liquid crystalline phase) 
is about 25 °𝐶, its critical micelle concentration is about 0.92 𝑚𝑚𝑜𝑙 𝐿−1 and it can form 
hexagonal phase above 19.0 𝑤𝑡% (~640.0 𝑚𝑚𝑜𝑙 𝐿−1). So, supposing that the system 
is in this intermediate conditions, spherical-like micelles are formed in solution. To 
induce the formation of WLM in this system one can add inorganic salts [62–64] or 
specific organic salts [65–67], so as the Coulombic forces between the dissociated salts 
and the surfactant headgroup decrease the head group area of the surfactant, leading 
it to a higher value of CPP and eventually favoring the formation of WLM. The 
concentration required to form WLM in solution is specific for each combination of 
surfactant/salt. The use of organic salt to form WLM is much more convenient when 
compared with the inorganic salt due to the concentration required, which is much 
lower in the case of organic salt. Oelschlaeger et al. [59] showed that in a system 
containing 350 𝑚𝑚𝑜𝑙 𝐿−1 C16TAB, long WLM were obtained using around 
200 𝑚𝑚𝑜𝑙 𝐿−1 of sodium salicylate, but for NaClO3, NaNO3 and KBr, the concentration 




inorganic salts, the main driving force to form the WLM is the Coulombic interaction 
mentioned above, but for organic salts, like for example the sodium salicylate, much 
used for this purpose [59,68–75], additional interactions can take place due to the 
conformation that the organic salt assumes when interact with the surfactant as can be 
seen in Figure 8 and some of them are the dispersive interactions (non-polar 




Figure 8. Wormlike micelle aggregate in aqueous solution showing the disposition of the 
organic salt molecules at the micellar interface formed by a cationic surfactant. 
 
WLMs are flexible elongated structures which is constantly breaking and recombining in 
solution due to its nature of formation. Two regions of the WLM structure can be 
considered; the region of high curvature called end caps and its cylindrical body, which 
presents low curvature. For this structure, the chemical potential of the surfactants that 
are in the end caps is higher than the surfactant molecules that are in the cylindrical 
body and, then, the growth of the WLM is a consequence of the system in minimize the 
excess free energy by reducing the number of end caps. 
In diluted regime, the WLMs chains are distant from one another and the solution 




critical concentration [80] (not the CMC mentioned previously), where the chains start 
to entangle, the solution viscosity increases rapidly and can presents remarkably 
viscoelasticity. Depending on the components and the physicochemical conditions, the 
entangled WLM can form points of branching or entanglement [81–83] that can slide 
along the chains, providing additional mechanisms for relaxing the mechanical tension 
as will be seen in section 3.6. Due to this behavior, solutions containing WLM are quite 
interesting from an academic and application point of views. From an academic 
perspective, the investigation of the conditions that favor the WLM micellar phase is 
always very intriguing, considering the forces and the characteristics of the molecules 
involved. From the practical side, WLM can be used to modulate the viscosity and the 
viscoelasticity for different fields of action and, in addition to enhanced oil recovery 
presented in Chapter 1, they also find application in drug delivery systems [84], 
rheological controller [85,86], drag reduction agents [87–89] and home and personal 
care products [90,91]. 
WLMs have some characteristic lengths that can be correlated with parameters 
obtained in oscillatory-shear rheology (introduced in section 3.6). Starting from the 
largest to the smallest size, the first one is the overall length of the WLM, which is related 
as the contour length, ?̅?, and it can vary from few nanometers to some micrometers. 
For neutral or highly screened micelles [92] the contour length can be related in terms 
of volume fraction 𝜑, the temperature 𝑇 and the end-cap energy, 𝐸𝐶, which is the energy 
required to form two hemispherical end-caps as a consequence of the disruption of the 
giant micelle body, as can be seen in Eq. 3. 
 





) Eq. 3 
 
For charged micelles in the absence of salt, an additional term, 𝐸𝑒, must be taken into 
account to also consider the repulsion of charges along the backbone that favor shorter 










)) Eq. 4 
 
Where 𝐸𝑐 is given by Eq. 5. 
 
 𝐸𝑐 ~ 𝑘𝐵𝑇𝑙𝐵𝑅𝐶𝑆𝑣
2𝜑
1
2 Eq. 5 
 
Where 𝑙𝐵 is the Bjerrum length (distance where the Coulombic energy between two 
charges are the same as the thermal energy, 𝑘𝐵𝑇), 𝑅𝐶𝑆 is the cross-sectional radius of 
the WLM body and 𝑣 is the effective charge per unit length. 
The next characteristic length of WLM is the persistence length, 𝑙𝑝, the length over 
which the WLM is considered rigid and it is related with the flexibility of the chains (Kuhn 
length 𝑏 = 2𝑙𝑝). In large scale, the WLM chains can achieve conditions where they can 
be quite flexible (in low superficial charge) but, in low scale, it can be considered as a 
combination of several rigid rods of length 𝑙𝑝. The persistence length varies significantly 
with the system investigated, but typical values of 𝑙𝑝 are 20 − 50 nm [48] (much smaller 
than the polymers which are typically in order of some nanometers [93]). 
For semi-diluted and concentrated regimes, two additional parameters can be defined 
and are related to the entanglement density of the chains. The first one is the 
entanglement length, 𝑙𝑒, which is the length of a section of the WLM between two 
entanglement points, and the hydrodynamic correlation length, 𝜉, related with the mesh 
size of the micellar network. 
As it will be presented in section 3.6, knowing the persistence length of the WLM system 
investigated (normally determined by neutron/x-ray scattering techniques), all these 
structural parameters can be estimated in oscillatory-shear rheology. For a better 







Figure 9. Characteristic lengths of the wormlike micelles in a semi-diluted regime. 
 
Fluids containing WLMs can be formulated to respond to external stimuli such as pH, 
temperature, ionic strength, and so on, which considerably expands its application 
possibilities. These fluids are known as “smart wormlike micelles” [94,95] and are the 
technological basis of several applications. The next section will discuss the main stimuli 
reported in the literature, the strategies in the formulation of each stimulus and some 
examples. 
 
2.4. WLM fluids responsive to external stimuli [94,95] 
 
Several applications demand that the fluid used increase or decrease its viscosity and 
viscoelasticity after the application of some external stimulation and some fluids with 
WLMs (before and/or after the stimulation) can be formulated to do so. The 
fundamental aspect behind this responsiveness is the change in the aggregate CPP 
leading to aggregate growth (shorter to higher WLM chains) or vice versa.  
The most common stimuli are temperature, UV/visible light, pH and CO2/N2 bubbling, 




formulation by going in the “opposite direction” to the initial stimulus. Still, it is 
interesting to note that the stimuli are often independent, being possible to formulate 
fluids that are multi-responsive [54,96,97]. 
Temperature stimulus possibly is the simplest one between them and, as discussed in 
section 2.3 with Eq. 3 and Eq. 4, the typical behavior of the WLM when the temperature 
is raised is an exponential decrease of its length and, consequently, a decrease in the 
solution viscosity. Even though some studies associate this thermo-thinning behavior as 
a smart fluid [54], this is the common behavior expected. The cases in which the viscosity 
increases with the increase of temperature (thermo-thickening), are in fact, a “non 
expected behavior”. Fluids that behave this way generally show a gain in viscosity over 
a finite temperature range and, after this range, the usual behavior of wormlike micelles 
take place, causing the decrease in the solution viscosity. 
Non-ionic surfactants derived from polyoxyethylene alkyl ethers are commonly used in 
thermo-thickening fluids containing WLM since the hydration of the oxyethylene units 
is dramatically affected by temperature [98], but a few studies involving charged 
surfactants are also found [55,99]. As examples, Sharma et al. [98] showed that the 
system composed by 5.0 𝑤𝑡% of the mixture polyoxyethylene phytosteryl ether 
(PhyEO30)/polyoxyethylene dodecyl ethers (C12EO3-4) containing 36.0 𝑚𝑜𝑙𝑎𝑟% of 
PhyEO, exhibited a viscosity increase of about fifty-times, by changing the temperature 
from 15 to 30 °𝐶. In a similar way but for a gemini surfactant, Wei et al. [55] showed 
that aqueous solution of 2-Hydroxypropyl-1,3-bis(hexadecildimethylammonium 
chloride) presented a thermo-thickening behavior of almost 1,000 𝑡𝑖𝑚𝑒𝑠 increasing the 
temperature from 30 to 37 °𝐶. In a different fashion, Raghavan et al. [99] developed a 
thermo-thickening fluid composed by a C22 cationic surfactant, 
erucylbis(hydroxyethyl)methylammonium chloride (EHAC), with sodium 
hydroxynaphthalene carboxylate (SHNC) in different concentrations that showed 
viscosity increase of about fifty-times using SHNC 360 𝑚𝑚𝑜𝑙 𝐿−1 and EHAC 
40.0 𝑚𝑚𝑜𝑙 𝐿−1 if the solutions is heated. The authors' strategy for this system was to 
prepare it in an excess SHNC regime. At low temperatures, the excess of SHNC 
incorporated in the micellar environment makes the charge density of the micellar 




in temperature, part of the SHNC is partitioned in the aqueous phase, which reduces the 
surface charge of the aggregate and, thus, favors the formation of wormlike micelles as 
can be seen in Figure 10. 
 
 
Figure 10. Viscosity as function of temperature for a solution containing EHAC 
40.0 𝑚𝑚𝑜𝑙 𝐿−1 and (A) SHNC 360.0 𝑚𝑚𝑜𝑙 𝐿−1 or (B) 400.0 𝑚𝑚𝑜𝑙 𝐿−1. (C) Molecular 
interpretation proposed by the authors to justify the WLM growth with the increase of 
temperature. Adapted with permission from reference [99]. 
 
Light stimulus presents some advantages compared to the others, like a non-invasive 
stimulus, simple, cheap, and readily available. It can be directed at a precise spatial 
location which allows several applications and its use avoid changes in the composition 
and the physicochemical properties of the solution. WLM that respond to light stimuli 




molecules that compose the fluid and the photosensitive compound can be additives 
[102,103,105] or directly the surfactant [97,104]. 
Azobenzene derivatives (𝑅 − 𝑁 ≡ 𝑁 − 𝑅′) are extensively used for UV/Vis responsive 
systems containing WLM, either by the addition of an azobenzene into a conventional 
solution of WLM like C16TAB/NaSal [106], incorporating the azobenzene directly in the 
additive that promotes the formation of WLM without the necessity of an co-additive 
[106,107] or even incorporating the azobenzene group directly on the surfactant 
molecule [97,108,109]. In these three cases, the idea is the same: the UV irradiation 
changes the trans-form to the cis-form (and the visible irradiation to the opposite 
direction making it a cyclic stimulus) which drastically changes the surfactant CPP and, 
then, the solution viscosity. As an example, Raghavan et al. [107] showed a fluid 
composed by EHAC 40.0 𝑚𝑚𝑜𝑙 𝐿−1 and 4-azobenzene carboxylic acid (ACA) 
20.0 𝑚𝑚𝑜𝑙 𝐿−1 that the incidence of UV light by 30 𝑚𝑖𝑛 changed the solution viscosity 
by more than 5 orders of magnitude as can be seen in Figure 11. Raghavan et al. 
[105,110] also published photo-responsive fluids containing WLM composed by ortho-
methoxycinnamic acid (OMCA) instead of azo derivates showing a photo-thinning [110] 
and a photo-thickening behavior [105]. In this case, the UV incidence also isomerizes the 
OMCA from trans to cis conformation and the cis isomer has a much weaker interaction 
with the cationic surfactant C16TAB used since its geometry does not favor the 
incorporation into the micellar interface. 
Probably, the pH responsive smart WLM fluids are the most investigated systems. There 
are several studies that relate smart WLM responsive to the solution pH. The main 
strategies in these studies are the use of a surfactant pH responsive [67,97,111], 
mixtures of surfactants of different nature [97,111], combination of a conventional 
surfactants and a pH responsive organic compound like oxalic acid [67], coumaric acid 
isomers [112], phthalic acid isomers [113], and others. It is possible to formulate pH 
responsive WLM in any pH range, acid [114,115], neutral [54] or basic conditions 
[116,117] and WLM that have responsiveness in acid conditions has a very important 
application in the oil field as acid diverting fluid in carbonate matrix acidizing step [9,23] 





Figure 11. Photosensitive WLM fluid composed by EHAC 40.0 𝑚𝑚𝑜𝑙 𝐿−1 and 4-
azobenzene carboxylic acid (ACA) 20.0 𝑚𝑚𝑜𝑙 𝐿−1. (a) Visual observation before and 
after UV irradiation; (b) The cyclic profile of viscosity upon UV/Vis irradiation; (c) small 
angle neutron scattering before and after UV irradiation and (d) to (f) cryogenic 
transmission electron microscopy of the fluid before and after UV/Vis irradiation. 
Adapted with permission from reference [107]. 
 
Alkyldimethylamine oxides (CnDMAO) are vastly used to formulate systems composed 
only by surfactants that are pH-responsive [118–120]. They spontaneously self-assembly 
into long, flexible WLMs without the help of any additives in specific conditions. In low 
pH, below the isoelectric point, CnDMAO is in its cationic form where great ionic 
repulsion is presented in the aggregate surface and, hence, only spherical micelles are 
formed. However, near the point of half-ionization (𝛼 = 0.5), the net superficial charge 
of the aggregate decreases and strong hydrogen bonds among the surfactants are 
formed which favors the formation of long WLMs and, then, solutions with high 
viscosity. 
The introduction of a pH-responsive additive to a conventional surfactant solution 




commercial-available chemicals. Lin et al. [86] showed facile ways to formulate 
viscoelastic pH-responsive fluids of cationic surfactants and different aromatic organic 
acids derived from phenyl or naththyl compounds. In all cases, the idea of the pH-
responsiveness is the same: in pH where the aromatic acid is totally protonated or totally 
unprotonated in the case of molecules with two pKa, spherical or short WLMs are 
obtained and the solution presents low viscosity due to the high solubility in water of 
the organic compounds; when the solution pH is adjusted so as the aromatic acid is 
anionic (in the case of only one pKa) or monoanionic (in the case of more than one pKa), 
the interactions of the organic salt with the cationic surfactant is very strong, driving the 
formation of long WLM in solution and enhancing the viscosity of the solution. Another 
very interesting way to formulate pH-responsive fluids is by the formation of “pseudo-
gemini surfactants” in solution. Feng et al. [57,121] showed results of a pH-responsive 
fluid composed by N-erucamido-N,N-dimethylamine (UC22AMPM) 50.0 𝑚𝑚𝑜𝑙 𝐿−1 and 
maleic acid 25.0 𝑚𝑚𝑜𝑙 𝐿−1 that, decreasing the solution pH lower than 7.20, a sharp 
increase of five orders of magnitude in the solution viscosity is obtained and the results 
were associated with the formation of pseudo-gemini surfactant, as can be seen in 
Figure 12. Below pH 7.0 the secondary amine surfactant UC22AMPM is mostly in its 
cationic form and strong Coulombic interactions take place with the dianionic maleate 
and the pseudo-gemini surfactant is formed resulting in a very high solution viscosity. 
In general, fluids that are responsive to pH through the addition of HCl/NaOH have a 
limit of reversibility due to the added counterions (Cl- and Na+) that increase the ionic 
strength of the solution. This effect is even more pronounced for fluids composed of 
high-concentration ionic surfactants, where large concentrations of acid or base are 
required to change a pH unit. To work around this situation in pH-responsive fluids, 
acidification can be done by pumping CO2 into the solution instead of adding HCl or any 
other acid [97,122–124]. The limitation of this would be for fluids that respond in very 
acid conditions, where even solutions saturated with CO2 are not able to reach such a 
pH. To remove the excess of CO2 from the solution (and shift the H2CO3 and HCO3- 
equilibria), an inert gas such as N2 is normally used, which is able to restore exactly the 




presented above for pH-responsive fluids can be formulated, even those where the 
pseudo-gemini surfactant is formed. 
 
 
Figure 12. pH responsive fluid composed by N-erucamido-N,N-dimethylamine 
(UC22AMPM) 50.0 𝑚𝑚𝑜𝑙 𝐿−1 and maleic acid 25.0 𝑚𝑚𝑜𝑙 𝐿−1 below (HCl) and above 
(NaOH) pH 7.20. Wormlike micelles and then the highly viscous solution is obtained with 
the addition of HCl below pH 7.20 due to the formation of pseudo-gemini surfactant. 
Adapted with permission from reference [57]. 
 
Certainly, the most import property of WLM systems is associated with their special 
rheological nature. In Chapter 3, fundaments in rheology with special emphasis to WLMs 
are presented. On the other hand, thermodynamic dictates how likely is the formation 
of WLM when a cationic surfactant is combined with an aromatic anion. Therefore, in 
Chapter 4, thermodynamic aspects relative to formation of WLM is presented, with 









Rheology is the science field that study the flow and the deformation of the matter 
resulting from the application of a mechanical force and it was coined by Bingham in 
1929 [130]. The response of the materials to the application of the force will depend on 
the nature of the material and the observation time after the application of the force. 
For totally solid materials (known as Hookean solids), the mechanical force deforms the 
material and the transferred energy is stored, with the material being able to return to 
its initial shape or not, depending on the magnitude of the applied force. For totally 
liquid materials (known as Newtonian fluids), the deformation and energy transferred is 
dissipated in flow. However, for most of the applied materials, their responsiveness can 
vary, being liquid-like or solid-like depending on the force applied, classifying them as 
viscoelastic materials. 
Beyond its nature, upon a mechanical stimulus, the responsiveness of materials can be 
correlated with the relation between the relaxation time of the material, 𝜏𝑟𝑒𝑙., which is 
an inherent time of each material to achieve the low energy state after the application 
of the force, and the observation time, 𝑡𝑜𝑏𝑠., after the application of the force. Such 





 Eq. 6 
 
For a liquid-like system, the relaxation time is very short and thus 𝐷𝑒 ≪ 1. On the other 
hand, the material is classified as solid-like if 𝐷𝑒 ≫1, and in intermediary situations, 
around 𝐷𝑒 ~ 1, as viscoelastic. This relation is simple to understand considering the 
application of a force in a string. As soon as the force is applied, the material responds 




if this deformation is applied for a long time, the string will no longer return to its initial 
state, as a reflection of its flow. Yet, in a funny way, this relation can also be remembered 
as “pain” after your first “belly flop” in a swimming pool. In a rapid disturbance, the 
water responds as solid-like, and in a relatively low disturbance (compared to its 
relaxation time), as liquid-like. 
 
3.2. Shear strain, shear stress and shear rate definitions 
 
To understand how some experiments are done in rheology, some definitions need to 
be presented as the shear strain, 𝛾, shear stress, 𝜎, and the shear rate, ?̇?. All the 
characterizations that are acquired in rheology is a consequence of the relationship 
among these quantities and the way the material is sheared (steady shear or oscillatory 
shear), and some of them are the viscosity, elasticity constant, viscoelastic moduli, and 
so on. 
Figure 13A shows a photograph of a rheometer (HAAKE MARS 60, Thermo Fisher 
Scientific) where it is possible to observe a plate-type rotor coupled to the equipment. 
Figure 13B shows a scheme of the rotor and the position of the sample after being 
crushed by the rotor. The mechanical force applied in the investigated material is done 
by the rotor and the height between the base and the rotor is called gap and it is an 
important height which is predefined for each type rotor but which can also be 
manipulated. 
The shear stress, 𝜎, is defined as the shear force (force parallel to the action plan), 
𝐹𝑠ℎ𝑒𝑎𝑟, divided by the contact area, 𝐴, between the rotor and the sample as can be seen 
in Eq. 7. The unit of shear stress is 𝑃𝑎, a “shear pressure”. The deformation generated 
in the material or strain, 𝛾, due to the shear stress is registered by the angle of rotation, 
𝜃, or the rotation arc length (𝜃 ∙ 𝑅) of the rotor, considering the sample gap as it is shown 
in Eq. 8, where 𝑅 is the radius of the rotor. Strain is a dimensionless unit and sometimes 
it is represented as a percentage of strain. As it will be shown, it is more convenient to 




required to make such strain due to the application of such stress and its definition is 
shown in Eq. 9. The unit normally used for the shear rate is 𝑠−1. 
 
 
Figure 13. (A) Photograph of a rheometer and (B) scheme of a plate rotor and the shear 
strain generated by the application of shear stress. In (B) it is also shown the height gap 
















 Eq. 9 
 
It is possible to apply the stress in two major ways in rheology: steady-shear and 
oscillatory-shear, and they can be seen in Figure 13B. In steady-shear (sections 3.3 and 
3.4), where viscosities can be obtained, the shear is applied in a single direction of 
rotation, meaning that large deformation is caused in the material. In oscillatory-shear 
(section 3.5 and 3.6), where the viscoelasticity of the materials can be investigated, the 




different frequencies. The stress applied in this case is very low and only internal 
structural rearrangements are induced in the material. 
In addition to the way that stress/strain is applied, during the rheological experiments, 
it is possible to control which properties you would like to control: stress (controlled 
stress mode, CS) or strain (controlled rate mode, CR). The CS mode is more indicated 
when very low stress will be applied in the material. 
 
3.3. Newtonian fluids, Hookean solids and non-Newtonian fluids 
 
Newtonian fluids and Hookean solids are those materials that present only one 
proportionality constant that relates the shear stress applied, respectively with the 
shear rate and the strain. For the Newtonian fluids, this constant is the viscosity, Eq. 10, 
and for solids, the elasticity constant, 𝐺, showed in Eq. 11. 
 
 𝜎 = 𝜂 ∙ ?̇? Eq. 10 
 𝜎 = 𝐺 ∙ 𝛾 Eq. 11 
 
As the interest in this thesis is for colloidal materials that show fluidity, I will focus this 
Chapter from now on in how to obtain the viscosity and viscoelasticity of these 
materials. 
The Eq. 10 is also known as the Newton equation (dashpot model) and Figure 14 shows 
a typical result obtained for this type of material (flow curve). As can be seen in Figure 
14A, the Newtonian fluids present only one angular coefficient, which is directly the 







Figure 14. (A) Shear stress as function of the shear rate and (B) viscosity as function of 
the shear rate for a Newtonian fluid with viscosity of 10.0 𝑃𝑎. 𝑠. (B) is obtained from the 
angular coefficient of (A) at the different shear rate. 
 
3.4. Non-Newtonian fluids 
 
Non-Newtonian fluids are those materials in which the “viscosity” is dependent on the 
shear stress applied. The viscosity for these materials is called apparent viscosity and 
the shear stress needs to be specified, 𝜂𝑎𝑝(?̇?). Most of the applied fluids belong to this 
classification and depending on its responsivity for the shear, they can be characterized 
as plastic, pseudoplastic or dilatant. The definitions of them can be seem below and an 
example of its apparent viscosity as function of the shear rate in Figure 15. 
 
• Plastic: High initial viscosity (theoretically, infinity viscosity) and only deforms 
after a specific shear stress (called yield stress, 𝜎𝑦). Examples: plastic bag, metals, 
concrete. 
• Pseudoplastic or shear-thinning: present constant viscosity at low shear rate; 
after a critical shear stress, its viscosity decreases and another constant viscosity 




• Dilatant or shear-thickening: present constant viscosity at low shear rate and 
after the critical shear rate, its viscosity increases continuously. Examples: wet 
sand on the edge of the beach, concentrated solution of starch. 
 
 
Figure 15. Shear stress as function of shear rate for different types of material: 
Newtonian, dilatant, pseudoplastic and plastic. 𝜎𝑦 is the yield stress for plastic materials. 
 
Due to the long length of WLM and its entanglement, solutions containing WLM in semi-
diluted or concentrated regime present a pseudoplastic flow curve. In low shear rates, 
the solution viscosity is practically the same and its “zero-shear viscosity”, 𝜂0, (its 
“viscosity at rest”) is obtained through the extrapolation of the 𝜂𝑎𝑝(?̇?) in the Newtonian 
region up to ?̇? = 0. The viscosity is virtually unchanged in this region because the shear 
rate applied is not high enough to change the average conformation adopted by WLMs 
in the Brownian regime. Increasing the shear, the critical shear rate is achieved and the 
WLM begins to align with the flow which decreases the resistance to the flow and the 
apparent viscosity of the solution. The chains continue to align with the shear up to the 
point where most of the chains are aligned and a new constant viscosity region is 
achieved, mainly related with the viscosity of the solvent. This last region is very difficult 




and the turbulent flow occurs first. Thus, a typical flow curve for WLM in semi-diluted 
regime can be seen in Figure 16, together with a scheme representing the changes in 
the conformation of the WLM chains. 
 
 
Figure 16. Typical flow curve for a fluid containing wormlike micelle in semi-diluted 
regime highlighting the average conformation of the chains in Brownian (I) and above 
the critical shear rate, ?̇?𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙. 
 
As it was shown, the dependence of the 𝜎(?̇?) not always is a linear relationship and then 
the flow curve are addressed as experiments outside the linear responsiveness regime 
or “non-linear regime”. Even so, experiments in linear regime is very interesting, not to 
obtain direct viscosity relations, but to characterize the viscoelasticity of the solutions. 
The introductory aspects of the oscillatory-shear rheology will be presented in the next 
section and how it is possible to correlate the viscoelasticity with structural parameters 







3.5. Oscillatory-shear rheology [78,129] 
 
Viscoelastic materials can change its elastic and viscous response depending on the 
stress/strain applied and, mainly, the mechanical frequencies that the disturbance is 
applied. The dependence of the viscoelastic moduli can be obtained with oscillatory-
shear experiments in the linear responsiveness region and, to understand these 
experiments, some fundaments and mathematics need to be introduced. The cyclic 
strain applied can be represented by Eq. 12. 
 
 𝛾(𝑡) = 𝛾0 cos (𝜔𝑡) Eq. 12 
 
Where 𝛾0 is the maximum strain and 𝜔 the disturbance frequency. Depending on the 
nature of the material investigated, the strain and the stress can have a phase lag. Solid 
materials respond immediately to applied deformation by a contrary force and liquid 
materials only shows a significant resistance to the flow when the direction of 
deformation is changed, that is, there is a phase lag between the maximum of strain and 
stress of 𝜋/2 rad. As viscoelastic systems have elastic and viscous components, its phase 
lag is intermediate between the solid and liquid (that is, between zero and 𝜋/2 rad). 
Figure 17 shows simulations of the stress obtained to the applied strain for solid, liquid 
and viscoelastic fluids, with phase lags of 0 for solid, 𝜋/2 for liquid and 0 < 𝜃 < 𝜋/2 for 
viscoelastic systems. The stress, considering the phase lag, can be represented by 






Figure 17. Simulated (A) strain and (B) stress as function of time in oscillatory rheology 
for solid, liquid and viscoelastic materials. 𝜃 is the phase lag. The values used for 
simulation was 𝛾0 = 10%; 𝜂 = 10.0 𝑃𝑎 𝑠 and 𝜔 = 1.0 𝑟𝑎𝑑 𝑠
−1. 
 
 𝜎(𝑡) = 𝜎0 sin (𝜔𝑡 − 𝜃) Eq. 13 
 
𝜎0 is the maximum stress and 𝜃 is the phase lag. Eq. 12 and Eq. 13 can be conventionally 
rewritten to the complex plane using the Euler relation (Eq. 14), showed in Eq. 15 and 
Eq. 16, respectively. 
 𝑒𝑖𝜃 = cos 𝜃 + 𝑖 sin 𝜃 Eq. 14 
 𝛾(𝑡) = 𝛾0 𝑒
𝑖𝜔𝑡 Eq. 15 
 𝜎(𝑡) = 𝜎0 𝑒
𝑖(𝜔𝑡−𝜃) Eq. 16 
 
Using the Hooke relation, Eq. 11, it is possible to write the elastic constant in the complex 


















 (cos 𝜃 − 𝑖 sin 𝜃) Eq. 18 
 
The real component of Eq. 18 is the component that is in phase with the strain and it is 
called “storage modulus”, 𝐺′, which is a measure of the amount of the stored energy 
during the periodic strain or stress and the out of phase or imaginary component (𝜃 =
(𝑛 + 1/2) 𝜋, where n is an integer) is the “dissipative modulus”, 𝐺", which is related 
with the amount of energy lost during the periodic application of stress or strain. 
Mathematically, these two moduli can be written as in Eq. 19 and Eq. 20, respectively, 









sin 𝜃 Eq. 20 
 𝐺 = 𝐺′ − 𝑖𝐺" Eq. 21 
 
The 𝜎0/𝛾0 ratio gives the modulus of 𝐺, |𝐺
∗|, showed in Eq. 22 and the phase angle can 





= √𝐺′2 + 𝐺"2 Eq. 22 






 Eq. 23 
 
With that, the storage and dissipative moduli can be rewritten as |𝐺∗| cos 𝜃 and 







 Eq. 24 
 
The complex viscosity values at the different frequency of disturbance in 𝑟𝑎𝑑 𝑠−1 has 
the same values of the dynamic viscosity obtained from flow curves in non-linear 
regime. This relation is known as Cox-Merz empirical rule and some application of this 
rule can be seen in [131–134]. 
The experiments to obtain the dependence of 𝐺′ and 𝐺" as function of the shear stress 
or frequency of disturbance is the “stress sweep” and “frequency sweep”, respectively. 
As the frequency sweep needs to be performed in the linear responsiveness region of 
the material, the stress sweep experiment needs to be performed previously to 
characterize this region. 
In a stress sweep experiment, the material is sheared with different shear stresses (in a 
strain sweep, with different shear strains) keeping the frequency of disturbance 
constant during the whole experiment. For the frequency sweep, a constant shear stress 
is applied (in the linear region previously determined in the stress sweep experiment) 
with different frequencies of disturbance so as to obtain the storage and dissipative 
moduli of the material at different frequencies. Examples of stress sweep and frequency 
sweep, together with the viscosity obtained by flow curves, can be seen in Figure 18 for 







Figure 18. (A) Stress sweep and (B) frequency sweep together with the flow curve for a 
solution containing WLM in semi-diluted regime. In (A) it is also showed the phase lag, 
𝜃 in degrees. In (B) the curves for |𝜂∗| and 𝜂 are overlaid, indicating in this case the 
validity of the Cox-Merz empirical rule. 
 
Another interesting parameter that is possible to correlate with the dynamic moduli is 
the relaxation time, 𝜏𝑟𝑒𝑙., which is the time for the material dissipates the stress applied 
to 𝜎0/𝑒 (where 𝑒 is the Euler’s number), that is, dissipation of 63% of 𝜎0. Applying a fixed 
strain in any material, the observation of 𝜎(𝑠) dissipation leads to the conclusion that: 
Newtonian liquids tends to dissipate the stress almost instantly; Hookean solids will take 
the eternity to dissipate the stress, and real material will dissipates the stress 
exponentially. 
For some viscoelastic material, it is possible to use the Maxwell model (string in series 
with a dashpot, Figure 19) to correlate the dissipation of the stress with the dynamic 
moduli 𝐺′ and 𝐺". The deformation generated in a single Maxwell element is given by 
𝛾 = 𝛾𝑒𝑙. + 𝛾𝑣𝑖𝑠𝑐., where 𝛾𝑒𝑙. is the deformation in the string and 𝛾𝑣𝑖𝑠𝑐. is the deformation 
on the dashpot due to the application of the stress. Differentiating this relation with 



















  Eq. 25 
 










= 0 Eq. 26 
 
Whose differential solution is represented by Eq. 27. 
 
 𝜎(𝑡) = 𝜎0 exp (−
𝐺
𝜂





Which is an expression for the stress dissipation as function of time depending on the 
elastic and viscous moduli of the material. The exponential term in Eq. 27 is, by 
definition, the relaxation time 𝜏𝑟𝑒𝑙. = 𝜂/𝐺 and so it is a relation between the elastic and 
viscous moduli of the material, rewritten in Eq. 28. 
 
 𝜎(𝑡) = 𝜎0 exp (−
𝑡
𝜏𝑟𝑒𝑙.
) Eq. 28 
 
In Eq. 28, when 𝑡 = 𝜏𝑟𝑒𝑙., 𝜎(𝜏𝑟𝑒𝑙.) = 𝜎0/𝑒 as it was discussed before. Using the relaxation 
time definition and the definitions of 𝛾(𝑡) and 𝜎(𝑡) on the complex plane, showed by 



































Dividing Eq. 29 by 𝑒𝑖𝜔𝑡 in both sides and using again the definition of relaxation time, it 
can be rewritten as in Eq. 30. 
 
 𝜎0𝑒




 Eq. 30 
 
Dividing both sides by 𝛾0 and using the definition of the elastic constant showed in Eq. 












 Eq. 31 
 
Multiplying Eq. 31 by 
1−𝑖𝜔𝜏𝑟𝑒𝑙.
1−𝑖𝜔𝜏𝑟𝑒𝑙.
 and isolating the real part from the imaginary part, we 









2  Eq. 32 
 
Using the same strategy that the elastic constant 𝐺 can be written as a dissipative and 
storage modulus, Eq. 21, the final expression of 𝐺′ and 𝐺" can be obtained as in Eq. 33 










2  Eq. 34 
 
When 𝐺′ = 𝐺", 𝜏𝑟𝑒𝑙. = 1/𝜔𝑐𝑜, and then the relaxation time is numerically the inverse of 
the cross-over frequency, 𝜔𝑐𝑜. With that, if the viscoelastic system investigated behaves 
like a Maxwellian model, Eq. 33 and Eq. 34 can be used to predict its elastic and viscous 
modulus and the relaxation time can be estimated when 𝐺′ = 𝐺". 
Most of the times, aqueous solution containing WLMs in semi-diluted regime behaves 
as Maxwell fluid in low and intermediate frequencies, where only one relaxation time is 
enough to describe the elastic and viscous moduli as function of the frequency of 
disturbance. But for high frequencies, the dynamic moduli significantly diverge from the 
Maxwell model because additional relaxation mechanisms of the chains, as the Rouse 




20 shows the application of the Maxwell model in the results obtained in the frequency 




Figure 20. 𝐺′ and 𝐺" as function of the frequency of disturbance in a frequency sweep 
experiment for a solution containing wormlike micelles in semi-diluted regime. Circles 
are experimental values and the dashed lines the Maxwell model represented by Eq. 33 
and Eq. 34. The relaxation time is obtained through the inverse of the cross-over 
frequency as it is shown in the Figure when 𝐺′ = 𝐺". 
 
As can be seen, at low and intermediate frequencies, the Maxwell model fits very well 
the experimental curves, and diverges for high frequencies. The 𝜏𝑟𝑒𝑙. is obtained from 
the inverse of the frequency where 𝐺′ = 𝐺" which is also highlighted in Figure 20. There 
are more complex models available with different strategies to also fit the high 
frequency regions [78,137,138], but they will not be presented here because only the 






3.6. Oscillatory rheology of fluids containing WLM 
 
Solutions containing wormlike micelles in the semi-diluted or concentrated regime 
(where chains are entangled) show an elastic behavior when a mechanical stress is 
applied. As seen in the previous section, the presence of the elastic behavior, in addition 
to dissipative, alters the entire tension relaxation dynamic and a very peculiar 
mechanical spectrum is observed. 
The processes of stress relaxation of solutions containing WLMs are very different from 
that observed for polymeric solutions in the dilute or concentrate regime and, in order 
to investigate the origin of this difference, Cates [135] proposed that, in addition to the 
classic reptation movements of the polymer chains, in which the chains slide as snakes 
among the points of entanglements through an imaginary tube formed by the contact 
points of the chain with the neighboring chains, represented in Figure 21, the wormlike 
micelles (at that time called "living polymers") had an additional feature that was the 
breaking/recombination of the chains (Figure 22) that could occur throughout the 
relaxation process due to the nature of WLM formation (intermolecular interactions 
instead of covalent bonds as in polymers). 
Cates and Candau [139] showed that both the reptation and the breaking/recombining 
time is associated with the contour length of the WLM by the relations showed by Eq. 










 Eq. 36 
 
Where 𝐷𝐶  is the curvilinear diffusion constant of the chain in its tube and 𝑘𝑏. is the rate 






Figure 21. Classical reptation movement of a polymer chain that can also be applied for 
wormlike micelle chains in the regime where the reptation time is much higher than the 
breaking/recombining time, 𝜏𝑟𝑒𝑝. ≫ 𝜏𝑏.. The letters (a) to (d) indicates the chronological 
progress of the reptation movement. Adapted with permission from reference [135]. 
 
Figure 22. Breaking/recombining mechanism proposed by Cates for a wormlike micelle 
chain in the fast-breaking regime, 𝜏𝑏. ≫ 𝜏𝑟𝑒𝑝..The WLM chain breaks in (b) and 





Even the WLMs showing two characteristic times, Cates and Candau [139] showed that 
it was possible to use the Maxwell model with one relaxation time (𝜏𝑟𝑒𝑙.) to fit the 
oscillatory-shear behavior of solutions containing WLM in entangled regime assuming 
that the breaking time is much faster than the reptation time, 𝜏𝑏. ≫ 𝜏𝑟𝑒𝑝.. In this 
condition, the unique relaxation time of the solution summarizes to Eq. 37. 
 
 𝜏𝑟𝑒𝑙. = √𝜏𝑏.𝜏𝑟𝑒𝑝. Eq. 37 
 
For low and intermediate disturbance frequencies, the Maxwell model in general is a 
very good model to predict the elastic and viscous moduli of WLM solutions. Another 
way to visualize the deviation region of the Maxwell model is using the Cole-Cole plot 
showed by Eq. 38 and illustrated by Figure 23 for a solution containing cetylpyridinium 
chloride and sodium salicylate [136]. The dashed semi-circle (Intercepting 𝐺′/𝐺0 = 1) in 
Figure 23 represent the behavior of a Maxwell fluid with a unique relaxation time. The 
deviations of the semi-circle, which is higher for lower surfactant concentrations (also 
showed in Figure 20) occurs due to the predominance of additional relaxation times like 
breathing motions (tube-length fluctuations) and Rouse movements (non-cooperative 











 Eq. 38 
 
In addition to the relaxation time, it is also possible to obtain structural parameters of 
WLMs with the oscillatory-shear rheology [48,139]. The mesh size, 𝜉, is obtained by 
comparison of 𝐺0 (which depends on the volumetric fraction of micelles in solution and 
is obtained from the elastic moduli in oscillatory-shear experiments when 𝜔 → ∞) with 






Figure 23. Cole-Cole plot for a WLM solution containing cetylpyridinium chloride and 
sodium salicylate in molar proportion of 0.5 varying the surfactant weight percentage, 
𝜙, from 0.98 to 4.0% at 20 °𝐶. The half circle (dashed line) corresponds to an ideal 
Maxwell element with a unique relaxation time. Adapted with permission from 
reference [136]. 
 






 Eq. 39 
 
Knowing the persistence length with scattering techniques, it is possible to estimate the 






 Eq. 40 
 
The contour length can be obtained using the 𝑙𝑒, 𝐺"𝑚𝑖𝑛 and 𝐺0 through the relation 











 Eq. 41 
 
Some works [140–144] used the frequency where the Maxwell model diverge from the 
experimental data or the frequency at 𝐺"𝑚𝑖𝑛 to isolate the breaking/recombining time 
from the reptation time, but not all authors fully agree with this as there is no theoretical 
support by the model proposed by Cates and Candau [139]. 
As described in the previous Chapter (Chapter 2), the combination of cationic surfactant 
with some aromatic anions can induce the formation of WLM. The spontaneity for 
formation of this self-assembly, intrinsically depends on the interactions between the 
two species. The energy involved in the process can be measured in calorimetric 








Isothermal titration calorimetry, ITC, is a titration automation technique that monitors 
the energy in the form of heat released or absorbed by the system throughout the 
titration. In the equipment, there are two cells, the “reference cell” containing the 
solvent of the solution investigated (normally water for aqueous systems) and the 
“reaction cell”, where in fact the titration is performed. Throughout the titration, the 
reference cell receives constant heat from a heater and the reaction cell a variable heat 
from another heater. When an aliquot is added to the reaction cell, depending on the 
titrant/titrand interactions, energy in the form of heat can be released (exothermic) or 
absorbed (endothermic) by the system, creating a temperature difference between the 
cells. To compensate this temperature variation (in order of 0.1 °𝐶), the reaction cell 
heater is adjusted so that to keep the temperature variation as close to isothermal as 
possible throughout the experiment. Figure 24A shows a typical example of ITC 
equipment (PEAQ-ITC, Malvern) and Figure 24B a schematic of the main parts of the 
equipment. 
If with the titration the difference of the temperature between the reaction to reference 
cell becomes negative, the equipment increases the heat supplied to the reaction cell 
and if it is positive, the equipment decreases the heat supplied. This manipulation of the 
heater is the raw data obtained in an ITC experiment where each titrant injection is 
associated with a peak in the raw data. The peaks can be upwards (increase in the 
electric power due to a endothermic process) or downwards (decrease in the electric 
power due to a exothermic process) and the integration of each peak gives the energy 
as heat, 𝑞, involved in the injection. As the reaction cell in general is an open system, 
the heat is the same as the enthalpy, 𝑞𝑝 = Δ𝐻, and if the enthalpy is divided by the 
titrant molar amount in the standard conditions, the standard molar enthalpy is 
obtained, Δ𝐻𝑚
𝑜 , in 𝑘𝐽 𝑚𝑜𝑙−1 of titrant. Figure 25A shows a typical raw data obtained 




solution of sodium salicylate 1.2 𝑚𝑚𝑜𝑙 𝐿−1 and in Figure 25B the enthalpogram, 
showing the integration of each peak. 
 
 
Figure 24. (A) Photograph of a typical isothermal titration calorimetry and (B) equipment 




Figure 25. (A) Raw data of an ITC experiment, electric power as function of the time and 
(B) standard molar enthalpy obtained from the integration of each peak from (A). 
Titration of C14TAB 11.0 𝑚𝑚𝑜𝑙 𝐿−1 in a reaction cell containing sodium salicylate 





4.2. Thermodynamic parameters of aggregation through 
calorimetry 
 
Due to its high sensitivity, ITC is a very powerful technique to investigate colloidal 
systems containing surfactants. With the thermograms, it is possible to obtain the CMC 
and several thermodynamic parameters associated with the aggregation phenomenon 
as for example the standard molar enthalpy, Δ𝐻𝑎𝑔
𝑜 , Gibbs free energy, Δ𝐺𝑎𝑔
𝑜 , entropy, 
Δ𝑆𝑎𝑔
𝑜 , and others [145]. For these experiments, normally an aqueous solution containing 
surfactant in concentration higher than its CMC is titrated in a reaction cell containing 
or not an analyte of interest. Figure 26 shows a typical enthalpogram obtained from the 
titration of C14TAB 40.0 𝑚𝑚𝑜𝑙 𝐿−1 in a reaction cell containing only water where 




Figure 26. Enthalpogram obtained from the titration of C14TAB 40.0 𝑚𝑚𝑜𝑙 𝐿−1 in a 
reaction cell containing water. Before the CMC the surfactant molecules are in the form 





As can be seen in Figure 26, thermograms of spherical micelle formation presents an 
initial region with constant slope, which is associated with the demicellization process 
of the titrant (once its concentration is higher than the surfactant CMC in the syringe) 
followed by a very cooperative process (in this case, exothermic), associated with the 
formation of aggregates in the reaction cell. The inflection point of the cooperative 
region (maximum/minimum value of the first derivative or second derivative equal to 
zero) determines the CMC value of the surfactant titrated at the specific conditions 
investigated (temperature and presence or not of an analyte) and the Δ𝐻𝑚𝑖𝑐
𝑜  is 
calculated from the difference between the linear extrapolation of enthalpy at the CMC 
before and after the aggregation process. Figure 27 shows how the CMC value is 
obtained from the second derivative method and how the Δ𝐻𝑚𝑖𝑐
𝑜  is obtained using the 
linear extrapolations from Figure 26. 
 
 
Figure 27. Enthalpogram obtained from the titration of C14TAB 40.0 𝑚𝑚𝑜𝑙 𝐿−1 in a 
reaction cell containing water, showing how the CMC is obtained from the second 
derivative method and the calculation of Δ𝐻𝑚𝑖𝑐
𝑜  from linear extrapolations. 
 
The Gibbs free energy for the aggregation process can be calculated using the CMC value 






= 𝑅𝑇 ln 𝑥𝐶𝑀𝐶                         𝑛𝑜𝑛 − 𝑖𝑜𝑛𝑖𝑐 𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡𝑠
= (2 − 𝛼)𝑅𝑇 ln 𝑥𝐶𝑀𝐶                        𝑖𝑜𝑛𝑖𝑐 𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡𝑠
 Eq. 42 
 
Where 𝑥𝐶𝑀𝐶  is the molar fraction of surfactant at the CMC and 𝛼 is the ionization degree 
of the micelle (fraction of counterions not bound to the micelle). Δ𝐺𝑚𝑖𝑐
𝑜  expression 
presented in Eq. 42 for ionic surfactants is valid only for aqueous solutions and/or low 
ionic strength [146] and the value of 𝛼 can be experimentally determined from the 
slopes of the conductivity plots below and above the CMC [147]. 
The standard entropy for the micellization can be calculated using the Gibbs relation as 








𝑜  Eq. 43 
 
The variation of Δ𝐻𝑎𝑔
𝑜  with the temperature or the thermal heat capacity of aggregation, 
Δ𝐶𝑝,𝑎𝑔
𝑜 , is another interesting thermodynamic parameter to be considered in 









 Eq. 44 
 
Δ𝐶𝑝,𝑎𝑔
𝑜  is related with the reduction of the hydrophobic area exposed to the aqueous 
phase with the aggregation [148]. Spherical micelle aggregation presents a negative 
value of Δ𝐶𝑝,𝑚𝑖𝑐
𝑜  [68,149] showing that the aggregation leads to a decrease in hydrated 
hydrophobic area. 
The same concepts of calculation and determination of thermodynamic parameters 
presented for spherical micelles can also be used for systems that form WLM in solution 
[68,150,151]. The thermogram obtained for WLMs is considerably different from that 




surfactant/analyte used and the Figure 25B already presented is a typical example of 
thermogram for WLM formation. The CMC and Δ𝐻𝑊𝐿𝑀
𝑜  determination for WLM 
formation in ITC can be seen in Figure 28. 
 
 
Figure 28. Enthalpogram obtained from the titration of C14TAB 11.0 𝑚𝑚𝑜𝑙 𝐿−1 in a 
reaction cell containing sodium salicylate 1.2 𝑚𝑚𝑜𝑙 𝐿−1, showing how the CMC is 
obtained from the second derivative method and the calculation of Δ𝐻𝑚𝑖𝑐
𝑜  from linear 
extrapolations. 
 
The interpretation of the different regions of the thermogram with the morphology of 
the aggregate is not so simple as in the case of spherical micelles and it is worth mention 
the historical contribution for the interpretations that we have today. 
For this historical survey, a search was made on the Web of Science for articles 
containing calorimetric study with any elongated micelles (the exact research was: 
TS=(((worm-like* OR wormlike* OR threadlike* OR cylindrical* OR elongated*) micelle*) 
AND (calorim* OR ITC) AND titration )). The research returned as results, on 08/18/2020, 
36 works, of which 6 are from our research group. 
The first relevant result to mention was published by Matthew et al. in 2010 [142] where 




concentrations and characterized the solution with ITC, rheology and small-angle 
neutron scattering (SANS). In high concentration, above 40.0 𝑚𝑚𝑜𝑙 𝐿−1 of surfactant, 
WLMs are clearly induced and explain the results of rheology and SANS but, for the ITC 
experiments, the surfactant concentration titrated was 10.0 𝑚𝑚𝑜𝑙 𝐿−1 with the 
reaction cell containing 0, 10, 20 or 30 𝑚𝑚𝑜𝑙 𝐿−3 NaNO3. As interpreted by the authors, 
it was observed changes in the enthalpogram (Figure 29) with the NaNO3 addition but 
these concentrations were not high enough to induce the formation of WLMs in the 
calorimeter. Even though this work clearly does not deliver promising results for WLM 
formation in ITC, it was relevant to the research because it shows that the induction of 
WLM using inorganic salts by calorimetry is relatively complex due to the high 
concentration required to induce its formation. 
The first enthalpy obtained from ITC which the authors associated with the morphology 
changes from spherical to WLM was published by Liu et al. in 2011 [152]. The authors 
titrated a solution containing a mixture of 1-hexadecyl-3-methylimidazolium bromide 
(C16mimBr) 40.0 𝑚𝑚𝑜𝑙 𝐿−1/sodium tosylate (NaTos) 160.0 𝑚𝑚𝑜𝑙 𝐿−1 (or NaSal 
1,000 𝑚𝑚𝑜𝑙 𝐿−1) into a reaction cell containing the same concentration of C16mimBr. 
For this concentration of surfactant, it is known that NaTos and NaSal favor the 
formation of WLM in the salt range concentration of 20 to 60 𝑚𝑚𝑜𝑙 𝐿−1 and 30 to 
180 𝑚𝑚𝑜𝑙 𝐿−1, respectively [152]. According to the authors, with the titration, three 
main process occur and is related with the enthalpy obtained: aggregate dilution; 
organic salt dilution and the change of the aggregate morphology. The thermogram 
obtained for the NaTos after the subtraction of the NaTos dilution (obtained from the 
titration of NaTos at the same concentration into the reaction cell containing only water) 
can be seen in Figure 30B, together with the solution viscosity at the same concentration 
of the reaction cell in Figure 30A. The authors proposed that, the enthalpy associated 
with the morphology change (from spherical to WLM), can be calculated as 
demonstrated by Δ𝐻𝑡𝑟𝑎 showed in Figure 30B, which is the difference between the 
enthalpy of aggregate dilution (obtained through the extrapolation of the fit in the 
regions where only spherical micelles are present) and the experimental curve. It is 






Figure 29. (a) Molar heat of injection and (b) total molar heat measured using ITC for 
demicellization of C16TAB 10.0 𝑚𝑚𝑜𝑙 𝐿−1 at NaNO3 concentrations shown at 25 °𝐶. 
Lines show fits of the data at low and high C16TAB concentration for determination of 
thermodynamic parameters. Adapted with permission from reference [142]. 
 
Figure 30. (A) Zero-shear viscosity versus NaTos concentration at a fixed C16mimBr 
concentration of 40.0 𝑚𝑚𝑜𝑙 𝐿−1; (B) Dependence of enthalpy change with the titration 
of C16mimBr/NaTos 40.0 𝑚𝑚𝑜𝑙 𝐿−1/160.0 𝑚𝑚𝑜𝑙 𝐿−1 in a reaction cell containing 




The next chronological contribution for the comprehension of ITC of WLM formation,  
was published by Bešter-Rogač et al. in 2014 [153] where they investigated the titration 
of dodecyltrimethylammonium chloride (C12TAC) in different concentrations in a 
reaction cell containing 4-hydroxybenzoate (4-HB) or methyl-4-hydroxybenzoate (MeP) 
or ethyl-4-hydroxybenzoate (EtP) 10.0 𝑚𝑚𝑜𝑙 𝐿−1 at different temperatures, from 278 
to 328 K. For 4-HB and MeP the enthalpograms obtained at different temperature were 
the sigmoid expected for the formation of spherical aggregates, but EtP presented 
remarkably different enthalpograms. Figure 31 shows the enthalpogram obtained for 
EtP at different temperatures. Bešter-Rogač interpreted the different regions of the 
enthalpogram, according to Figure 31, as follow: the light-brown region was associated 
with the demicellization of the micelles of C12TAC titrated; the white region between the 
light and dark brown was associated with the formation of spherical micelles; the dark 
brown region is where the concentration of C12TAC in the reaction cell has reached 
sufficient values to induce the formation of elongated micelles in the reaction cell 
(corroborated with conductivity and viscosity) and, finally, the blue region is where the 
spherical micelles are again induced in the reaction cell due to the high [C12TAC]/[EtPNa] 
ratio. 
 
Figure 31. Enthalpograms obtained for the titration of 50.0 or 280.0 𝑚𝑚𝑜𝑙 𝐿−1 C12TAC 
in a reaction cell containing 10.0 𝑚𝑚𝑜𝑙 𝐿−1 EtPNa at different temperatures, (from blue 
to pink, the temperature were, in this order: 328.15, 318.15, 308.15, …, 278.15 𝐾). 





After that, it was published the first article of professor Edvaldo Sabadini research group 
by Ito et al. in 2015 [154] followed by another publication in 2016 [155] and a book 
chapter by Sabadini and Karl Clinckspoor in 2017 [156]. All these three publications 
followed the same interpretation for the thermogram of WLM formation proposed by 
Ito in 2015. All these studies involved the titration of C14TAB in a reaction containing 
different aromatic salts at 298 𝐾 and some of these results are presented in Figure 32. 
As Bešter-Rogač, some of the aromatic salts also presented only the sigmoid profile 
expected for spherical micelle formation, but, for some of them, an intense endothermic 
process was observed after the minimum of the enthalpogram. Being fairly fair, Bešter-
Rogač also observed an increase in enthalpy after the minimum of the enthalpogram in 
some cases (Figure 31), but in her case the increase was much more subtle due to 
experimental conditions and the attribution of this increase with the WLM was not 
done. Beyond that, the interpretation of the different regions of the thermogram by Ito 
with the morphology of the aggregate was quite different from that proposed by Bešter-
Rogač. According to Ito, four main regions can be highlighted in these enthalpograms 
(Figure 32) and two inflection points are pointed out: the first one is related with the 
mixed spherical micelle formation and the second one with the WLM growth (the WLM 
is formed, according to Ito, before the beginning of the second cooperative exothermic 
process, region 3), being the minimum of the enthalpogram the physicochemical 
conditions where the aggregate reached its maximum length (corroborated by viscosity 
and light scattering) and the increase of enthalpy is associated with the shrinkage of the 
WLM aggregate up to only mixed spherical micelles are present in the reaction cell. After 
that, the research group published more two articles in the subject by Clinckspoor et al. 
[73] and Creatto et al. [157] in 2018, keeping the same interpretation of Ito. 
Part of this interpretation made by Ito was complemented only in 2019 by de Souza et 
al. with the publication entitled “A new interpretation of the mechanism of WLM 
formation involving a cationic surfactant and salicylate” [68] where the thermogram of 
WLM formation using C14TAB and sodium salicylate was brought back. The 
interpretation of de Souza is summarized in Figure 33 where the thermogram was 
plotted together with the surface tension and the percentage of salicylate incorporated 




were characterized: I – demicellization and ionic-pair formation; II – Aggregate 
formation and growth and, III – Redistribution of salicylate and shrinkage of the WLM. 
Unlike what had been proposed, de Souza proposed that the first micellar aggregate to 
be formed was in fact the wormlike micelle, because, due to the excess of salicylate ions 
in the reaction cell, the spherical micelle was not favorable to be formed as the first 
aggregate and a region on the thermogram associated only with the spherical micelle 
formation was not assigned. The exothermic cooperative region was directly associated 
with the formation of this elongated aggregate and, concomitantly, with its growth. 
Similarly to the definition of CMC for spherical micelles in calorimetry (the inflection 
point of the sigmoid region), the critical concentration of wormlike micelle formation 
was defined as the inflection point of this cooperative region and the enthalpy of 
aggregate formation as the difference in enthalpy values extrapolated from the regions 
before and after the formation of the aggregate, at the inflection point, as it was shown 
in Figure 28. 
Part of Ito's interpretation, which was complemented by de Souza, is quite efficient for 
the enthalpogram of C14TAB and sodium salicylate and has been used to interpret similar 
systems [150,151] but several questions still persist like what is the endothermic process 
that becomes extremely relevant after the formation of the wormlike micelles to the 
point of reversing the enthalpogram trend? Where does the transition between the 
elongated aggregate and the mixed spherical micelle occur? Are we in fact correct in 
assuming that the first aggregate to be formed is the elongated one, or are we just not 
having a sensitive enough technique to observe that in the cooperative exothermic 
region and what we have is a very quick transition from spherical to wormlike micelle? 
As it will be presented in Chapter 8 and 9 (already published, [150,151]), the 
enthalpogram showed for salicylate is also observed for different aromatic salts with 
C14TAB that favors the formation of WLM in ITC conditions, but new feature and 









Figure 32. (A) Titration of C14TAB 14.0 𝑚𝑚𝑜𝑙 𝐿−1 into a reaction cell containing sodium 
salicylate 1.5 𝑚𝑚𝑜𝑙 𝐿−1 and the numbers along the enthalpogram is related with 
aggregate morphology showed in (B), 1 – mixed micelle formation, 2 – partial micelle 
growth, 3 – WLM formation and 4 – shortening of WLM [154]. (C) Enthalpograms for the 
titration of C14TAB 100.0 𝑚𝑚𝑜𝑙 𝐿−1 in 2 (NaSal), 3 and 4-hydroxybenzoate 
1.5 𝑚𝑚𝑜𝑙 𝐿−1 [154] and (D) Enthalpograms for different aromatic salts at the same 
conditions of (A) where OHCA means o-hydroxycinnamic acid, OMCA o-
methoxycinnamic acid, OHPA 3-Hydroxyphenylpropanoic acid, OMBA 2-
methoxybenzoic acid and 3PPA for 3-Phenylpropanoic acid [155]. All the experiments 






Figure 33. de Souza et al. interpretation of the thermogram for wormlike micelle 
formation for the system of C14TAB and sodium salicylate together with the surface 
tension, 𝛾, and the percentage of salicylate incorporated as function of the 
[C14TAB]/[salicylate] ratio measured by time resolved fluorescence. The three regions 
are: I – Demicellization and ionic-pair formation; II – Aggregate formation and growth 
and III – redistribution of salicylate molecules and the consequent decrease in aggregate 
size. 
 
It is worth noting that, if the strategy to favors the formation of wormlike micelle 
changes (keeping the titration of surfactant into the reaction cell containing or not an 
analyte), like changing the nature of the surfactant (non-ionic, anionic, zwitterionic, 
gemini surfactants, etc) and/or the nature (or absence) of the analyte, the enthalpogram 
of the wormlike micelle formation considerable changes. Some of these works for non-
ionic surfactant [158,159], anionic [160], zwitterionic [161–164], gemini [164–168], 
mixtures of surfactants of different natures [169,170] and for inorganic salt [142,162] or 







Propose a fluid composed of wormlike micelle responsive to pH and metal ions that can 
be a candidate for use as a diverting fluid in the stage of acid stimulation in oil 
production. For this, some preliminary steps were necessary: (i) Fundamental 
investigation of fluids that form wormlike micelle and the different strategies to induce 
their growth through the use of different aromatic organic salts; (ii) Investigate the 
behavior of fluids containing wormlike micelle responsive to different external stimuli 
and, finally, (iii) Investigate the acid dissolution rate of carbonates against acids of 















All reagents used, unless otherwise stated, were purchased from Sigma-Aldrich and 
were used without prior treatment. The surfactant 
erucylbis(hydroxyethyl)methylammonium chloride (EHAC) was supplied by Akzo Nobel 
(now Nouryon) whose trade name is ETHOQUAD E/12-75. The product consists of a 
75 𝑤𝑡% solution of surfactant in isopropanol alcohol. Before its use, the isopropanol 
was removed in a vacuum oven at room temperature and the surfactant was then 
freeze-dried overnight before use. The photoacid generator (PAG), diphenyliodonium-
2-carboxylate monohydrate, was purchased from TCI Chemicals. 
Milli-Q water was used to prepare the solutions, except for the preparation of acid 
stimulating fluids (commercial or QuoVadis) and for the study involving the photoacid 
generator (Chapter 10), where distilled water was used. The solutions that were 
analyzed by nuclear magnetic resonance were prepared in deuterated water with 
isotopic abundance higher than 99.9% of deuterium. 
All pH adjustments, unless otherwise stated, were made using aqueous solutions or pure 
reagents of sodium hydroxide (NaOH) or hydrochloric acid (HCl) with accuracy of ± 0.1 
units. 
The solutions containing wormlike micelle were left at rest for at least one week in room 
temperature prior to any analysis to guarantee the homogenization and avoid any 






7.1. UV irradiation and spectroscopy 
 
UV irradiation and UV spectra were done only for the study involving the photoacid 
generator (Chapter 10). Aqueous solution containing PAG were irradiated with UV light 
from an Oriel 200 𝑊 mercury arc lamp. A dichroic beam turner with a mirror reflectance 
range of 350 to 450 𝑛𝑚 was used to access the UV range of the emitted light. The 
sample (10.0 𝑚𝐿) was placed in a 20 𝑚𝐿 vial, and the irradiation was done top to 
bottom for a specific duration (typically 30 𝑚𝑖𝑛) under mild stirring at 25 °𝐶. Then, 
0.5 𝑚𝐿 of sample was removed for measuring the rheology. The remainder of the 
sample was then irradiated for a second duration and the above process was repeated. 
UV-vis spectra were obtained in a spectrophotometer (Hewlett–Packard, model 8453) 
for aqueous solutions of PAG or 1,2-dihydroxybenzene (DHB) at 𝑝𝐻 7.0 and also after 
irradiating the PAG solution for 2 ℎ. 
 
7.2. Isothermal titration calorimetry (ITC) 
 
The thermograms were obtained with an ITC (MicroCal PEAQ-ITC, Malvern) operating at 
25 °𝐶. The parameters used for all the analyses were: reference power 7.0 𝜇𝑊, stir 
speed 750 𝑟𝑝𝑚 and no feedback. The number of injections, the volume of each injection 
and the time between successive injections varied according to the energy involved in 
each combination of reagents, but typical values were 20 to 40 injections, volume of 1.0 
to 2.0 𝜇𝐿 of each injection and 400 to 800 𝑠 between consecutive injections. The 
experiments were planned so that the next injection was only performed when the 
power variation associated with the previous injection reached the baseline. The data 







Steady-shear and oscillatory-shear rheology were conducted in rheometer (HAAKE 
MARS III or HAAKE MARS 40, Thermo Scientific; AR2000, TA Instruments) operating at 
controlled-rate (CR) mode for steady-shear and controlled-stress (CS) mode for 
oscillatory-shear. All the analysis was carried out at 25 °𝐶 and after being crushed by 
the rotor, the samples were thermostatized for at least 10 minutes before the 
application of the shear to ensure thermal equilibrium and total relaxation of the 
solution. 
For the flow curves (apparent viscosity as function of the shear rate) the samples were 
pre-sheared for 60 𝑠 at 10−2 𝑠−1 to attenuate the inertial effects at low shear rates and, 
then, step-sheared from 10−2 to 1000 𝑠−1 with 40 steps distributed in logarithmic 
scale. Flow curves were also obtained by using a pressure cell (Thermo Fisher Scientific) 
made of Hastelloy. A coaxial cylinder geometry was adopted, in this case PZ38 Ha, and 
the parameters for the experiments were the same as described previously. 
Experiments were performed using this facility under atmospheric pressure and under 
35 𝑏𝑎𝑟 using carbon dioxide (CO2) to pressurize it. In the latter case, system was kept 
pressurized at rest for at least 30 𝑚𝑖𝑛 prior to the measurement. 
For the oscillatory-shear, stress sweep experiments were performed with disturbance 
frequency of 1.0 𝐻𝑧 and stress from 0.1 to 10 𝑃𝑎 distributed in logarithmic scale and 
20 steps. Identified the linear mechanical region, the frequency sweep experiments 
were conducted from 0.01 𝑠−1 to 100 𝑠−1 (0.06283 to 628.3 𝑟𝑎𝑑 𝑠−1) distributed in 
logarithmic scale with 6 steps per decade. 
 
7.4. Light scattering 
 
Dynamic light scattering (DLS) experiments were conducted in a goniometer (CGS-3, 
ALV-GmbH) equipped with a detection system in pseudocross geometry with a 22 𝑚𝑊 




ALV-7004 multitau correlator. All the material used for sample preparation were pre-
washed with Hellmanex for at least two hours and washed with abundant Milli-Q water. 
About 1.0 𝑚𝐿 of sample was filtered (hydrophilic PTFE, 0.45 𝜇𝑚) prior to the 
measurement. The sample holder was connected to a thermostatic bath at 25 °𝐶 and 
cis-decalin was used as refractive index matching liquid. All the correlation function was 
acquired at scattering angle, 𝜃, of 45° and control measurements in 60° and 130° were 
also performed to assure the correlation time and, consequently, the apparent 
hydrodynamic radius determined is not function of the scattering angle. 
 
7.5. Nuclear magnetic resonance 
 
1H chemical shift and 1H self-diffusion coefficient (DOSY) was obtained in a 400 𝑀𝐻𝑧 
spectrometer (Bruker). DOSY experiments were acquired using the Oneshot45 pulse 
sequence [173,174]. The net diffusion-encoding gradient pulse width (𝛿) and diffusion 
delay (Δ) varied with the sample investigated and they will be approached in each 
Chapter but the gradient recovery (𝑑16) and duration of the gradient purge pulse (𝑝19) 
were fixed for all samples at 0.2 and 0.6 𝑚𝑠, respectively. The sequence was conducted 
using sixteen values of nominal gradient amplitudes, from 4.8 to 38.5 𝐺 𝑐𝑚−1, squared 
distributed and carried out at a nominal probe temperature of 25 °𝐶. The DOSY 
experiments were processed with the DOSY Toolbox package [175] using 32,768 data 
points, phase and baseline correction and reference deconvolution with a 3.0 𝐻𝑧 wide 
Lorentzian target line-shape. 
 
7.6. Cryogenic transmission electron macroscopy (Cryo-TEM) 
 
Before sample application on the grids, the grids were subjected to a glow discharge 
treatment (Pelco easiGlow, Ted Pella) with 15.0 𝑚𝐴 current for 25.0 𝑠 in air 
atmosphere. Then, 3.0 𝐿 sample was dropped on a 300-mesh lacey carbon-coated 




IV, Thermo Fischer Scientific) with controlled temperature at 22.0 °𝐶 and humidity of 
100%. Vitrobot preparation parameters used for each grid varied according to the 
solution properties and they will be stated in each Chapter. Samples were analyzed in 
low-dose condition using a transmission electron microscope operating at 200.0 𝑘𝑉 
(TALOS F200C, Thermo Fischer Scientific) or 120.0 𝑘𝑉 (JEM-1400 Plus, Jeol). Images 
were acquired using a CMOS 4000 ×  4000 camera (CETA 16 M, Thermo Fischer 
Scientific). Sample preparation and image acquisition with cryo-TEM was carried out at 
Brazilian Nanotechnology National Laboratory (LNNano) in Brazilian Center for Research 
in Energy and Materials (CNPEM). 
 
7.7. Carbonate acid dissolution 
 
7.7.1. Plug preparation 
 
All carbonate outcrops used in this study were provided by Brazilian oil and gas company 
(PETROBRAS) and were purchased from Kocurek Industries with dimensions of about 
30 𝑐𝑚 in length and 3 𝑐𝑚 in diameter. The geological background of each sample is 
presented in Table 1. 
 
Table 1. Geological background of the carbonate outcrops used. 
Rock type Basin Formation Environment Age 
Indian Limestone Illinois Bedford Marine Mississippian 
Silurian Dolomite Illinois Thornthon Marine Silurian 
Desert Pink Maverick Edwards Plateau Marine Early Cretaceous 
Edwards White Maverick Edwards Plateau Marine Early Cretaceous 





Half of each cylinder were reserved to petrophysical analysis, x-ray fluorescence and 
thin layer microscopy and the remaining were cut in pieces of about 1.3 𝑐𝑚 in height, 
using a radial arm saw and, posteriorly, cut in smaller plugs of about 1.0 𝑐𝑚 height and 
0.8 𝑐𝑚 in diameter using a hole saw. 
Prior acid dissolution, these smaller plugs were heated in a muffle furnace (3000 10P, 
EDG) for 3 ℎ𝑜𝑢𝑟𝑠 at 400 °𝐶, with a heat rate of 10 °𝐶/𝑚𝑖𝑛, to remove any organic and 
water residue. After that, the mass of each plug was determined and they were used in 
experiments of acid dissolution, NMR and micro-CT. 
 
7.7.2. Carbonate rocks characterization 
 
Thin layer microscopy of each carbonate outcrop was obtained by using a ZEISS 
AxioImager A2m petrographic microscope. The morphology, diagenetic features and the 
permo-porous-system, beside fractures and the type of filling were analyzed. 
For the petrophysical analysis of the carbonates, it was used the procedure API RP 
40:1998 [176]. First, the samples were cleaned by solvent extraction and then dried at 
oven (relative humidity of 45% and 60 °𝐶) until it reached mass stabilization. Grain 
density, effective gas porosity and gas permeability were obtained using Weatherford 
DV-4000 device. Permeabilities were corrected by Klinkenberg effect and the 
measurements were taken under confining stress. 
The atomic composition was determined by X-ray fluorescence (XRF1800, Shimadzu). 
The X-ray fluorescence spectra for the carbonate samples are shown in Appendix E, from 
Figure E1 to Figure E6. Only the components with percentage higher than 0.1% were 
considered for discussion. 
 





As carbonates of different natures have different reactivities with inorganic and organic 
acid, before the definitive dissolution experiments were carried out (mass loss × 
dissolution time), an exploratory experiment was carried out in order to estimate the 
time required to dissolve approximately 50% of the plug with HCl, a parameter which 
was called 𝑡50. For this experiment, one plug of known mass of each carbonate was 
partially dissolved in 40.0 𝑚𝐿 of aqueous acid solution of HCl 0.5 𝑚𝑜𝑙 𝐿−1 and the other 
in HAc 2.5 𝑚𝑜𝑙 𝐿−1 without stirring. This volume of acid was used, because on it contains 
𝐻+ ions in excess compared to the mass plug used and, thus, the acid dissolution of the 
carbonate will not be influenced by the concentration of 𝐻+ ions in solution. After a 
time required to dissolve around 50% of the plug (visually), the plugs were removed 
from the acid solution, washed with abundant water, dried in a muffle at 250 ° 𝐶 by 5 ℎ 
and then their masses were determined gravimetrically. Although the mass loss in such 
situations is not represented by a linear dependence (mass loss × dissolution time), this 
approximation was adopted to calculate the time required to reduce the mass of the 
sample to about 50% of dissolution, which characterizes the parameter 𝑡50. Table 2 
shows the 𝑡50 values for each carbonate used together with their abbreviations that will 
be used for each carbonate sample. 
 
Table 2. Dissolution time in minutes required to reduce the mass of the carbonate plugs 
to about 50% (𝑡50) using hydrochloric acid. 
Rock type Abbreviation Dissolution time (𝑡50) / min 
Silurian Dolomite (low permeability) LPD 160 
Silurian Dolomite (high permeability) HPD 96 
Edwards Brown EDB 64 
Edwards White EDW 40 
Indian Limestone IND 32 
Desert Pink DP 32 
 
𝑡50 values were used only to plan the further experiments in which a triplicate of each 
carbonate plugs were submerged into 40.0 𝑚𝐿 of an acid solution, either HCl 




periods of time multiples of a quarter of 𝑡50 (¼, ½, ¾ and 𝑡50). As the chemical reactions 
were systematically interrupted, during the intervals between each quarter of time, the 
carbonate rocks were investigated by low field 1H-NMR in order to follow the carbonate 
surface variation caused due to chemical reaction with the acid solutions. It is worth to 
mention that it was used the very same carbonate outcrop during the whole procedure 
and special cares were taken to make sure that the NMR data were correlated to 
respective samples. The procedure for this investigation is as it follows. 
First, a “blank” procedure was carried out, where the plugs, prior to the reaction, were 
subjected to vacuum of 10 𝑚𝑏𝑎𝑟 for 7 ℎ and, still under vacuum, deionized water was 
admitted into the system, submerging the carbonate samples. The plugs were kept at 
rest, at room temperature for at least 64 ℎ prior to the NMR experiments in order to 
absorb as much water as possible. The excess of water on the surface of the rock was 
carefully removed with aluminum foil and the absorbed water was gravimetrically 
determined. After that, the 1H-NMR experiments were carried out, the plugs were dried 
in a muffle furnace at 250 °𝐶 for 5 ℎ and weighted. 
Then, the first cycle of acid dissolution begins with the reaction between the carbonate 
rocks and the acid solution for a quarter of 𝑡50. After each dissolution, the acid solutions 
used were reserved for further pH analysis. The carbonate plugs, in contrast, were 
immediately washed with plenty water, dried in muffle furnace at 250 °𝐶 for 5 ℎ and, 
then, the mass loss was gravimetrically determined. For the NMR analysis, the blank 
procedure described was repeated. This sequence characterizes a full cycle, which was 
repeated 4 times, so that the cumulative dissolution time reached 100% of 𝑡50. 
The pH of each acid solution was determined by using an pHmeter after each dissolution 
(848 Titrino plus, Metrohm). The variation in pH values obtained during these 







7.7.4. Time domain 1H-NMR 
 
Transverse relaxation times (𝑇2) of water hydrogen were obtained in a benchtop low-
field nuclear magnetic resonance spectrometer (mq20, Bruker) of 0.47 𝑇𝑒𝑠𝑙𝑎 (20 𝑀𝐻𝑧 
for 1H). Before acquiring the signal, the plugs (with water incorporated) were kept at 
rest in a thermostatic bath at 25 °𝐶 for at least 15 𝑚𝑖𝑛. The pulse sequence used was 
the Carr-Purcell-Meiboom-Gill (CPMG) [177,178], which can be represented by 
[𝑅𝐷 − 90𝑥
𝑜[−𝜏 − 180±𝑦




, where RD is the recycle delay, which is the 
time necessary for the complete longitudinal magnetization recovery (five times the 
longitudinal relaxation time, 𝑇1), and a time of 15 𝑠 was used; 90° and 180° are the 
pulse angulation by the application of the radiofrequency pulse of 8.0 and 16.0 𝜇𝑠 
respectively; the ‘x’ and ‘y’ index are related with the phase pulse; 𝜏 is the interpulse 
time, fixed at 100 𝜇𝑠; 𝑒𝑐ℎ𝑜 is the spin echo where the amplitude is acquired; 𝑛𝑒𝑐ℎ𝑜 is 
the number of echoes necessary for the complete transverse relaxation and it was used 
values between 6,000 up to 32,000 as required and the 𝑁𝑆 is the number of 
accumulated scans to improve the signal-to-noise ratio, 16 scans was used. With the 
transverse relaxation raw data, it was applied the inverse Laplace transform (ILT) to 
obtain the relaxograms, where the distribution of the transverse relaxation time with its 
amplitudes is shown. The ILT was applied using the SLK Neo Multiexp software, with 
regulation parameter 𝛼 = 100, minimum and maximum relaxation time of 10−3 and 
104 𝑚𝑠 respectively and 200 points as output of the ILT. 
 
7.7.5. Micro computed tomography 
 
3D Digital images were obtained in collaboration with Prof. Dr. Tito José Bonagamba and 
the postdoc of his group, Dr. Everton Lucas de Oliveira, from University of São Paulo, 
before and after dissolved the carbonate samples for a period that corresponds to half 
of 𝑡50. The images were acquired in an X-ray micro tomography (SkyScan 1272, Bruker) 
with voltage and current of 100 𝑘𝑉 and 100 µ𝐴, respectively. The projections were 




The scanning time was approximately 10 ℎ for each measurement. Reconstruction was 
performed on the integrated SkyScan software NRecon (version: 1.7.0.4). 
Then, using DataViewer software (version 1.5.2.4), the image registration was 
performed using the images obtained before and after the acid dissolution. This process 
consists in transforming the two sets of data into one coordinate system, where the 
structure differences can be compared and visualized. Thus, for each image, the solid 
space was identified in PerGeos software and the top and bottom of the images were 
cut to avoid areas that have not been scanned in both stages. 
First, to quantify the thickness that was dissolved a mesh was created from the external 
surface and the distance between the surfaces before and after the acid dissolution was 
calculated. For this, the Surface Distance method implemented in the PerGeos software 
was applied, which allows the calculation of the distance between two triangular 
surfaces. 
Furthermore, the respective volumes (𝑉) and the surface areas (𝑆) were determined. 
For each plug, an equivalent radius was calculated considering them as cylinders. The 
Eq. 45 and Eq. 46 were used to calculate the radius: 
 
 𝑉 =  𝜋𝑅𝑣
2𝐿 Eq. 45 
 𝑆 =  2𝜋𝑅𝑠𝐿 +  2𝜋𝑅𝑠
2 Eq. 46 
 
Where 𝑅𝑣 and 𝑅𝑠 are the radii calculated from the volume and surface of each plug, 
respectively. The outcrops before dissolution present imperfections on the external 
surface, mainly due to the macroporosity, visible in the resolution used. In cases where 
even the largest pores are not sampled by microCT, the sample is more like a perfect 
cylinder, and in this case 𝑅𝑣 ≅ 𝑅𝑠. However, after the acid dissolution an irregular surface 
can be formed and, then, 𝑅𝑣 ≠ 𝑅𝑠. When calculating both values of radii, it is possible to 





 𝑑 = 1 −  
𝑅𝑣
𝑅𝑠
 Eq. 47 
 
For this equation, the closer 𝑑 is to zero, the closer the plug is to a perfect cylinder. 
Volumes and surface areas for the outcrops before and after the dissolution process are 
presented in Table E1 (Appendix E). 𝑅𝑣, 𝑅𝑠 and the parameter 𝑑 were also calculated 
before and after the acid dissolution for HCl and are shown in Table E2 and for HAc in 
Table E3. 
 
7.8. Diverting fluids 
 
7.8.1. Fluid preparation 
 
Beyond our own diverting formulation (QuoVadis), we also had the opportunity to work 
with two commercially available diverting fluid which will be designed here by VES 1 and 
VES 2. The materials and chemicals required to prepare VES 1 and VES 2 were provided 
by the Brazilian company of oil and gas (PETROBRAS), except for the hydrochloric acid 
which was purchased from Sigma Aldrich (37 𝑤𝑡%). The exact amount of each 
component used to prepare these commercially available fluids will not be described in 
order to protect their formulation. Generally describing, diverting acid solutions are 
often composed by surfactants, HCl (15 𝑤𝑡%), corrosion inhibitor and other additives. 
The preparation of 500 𝑚𝐿 of VES 1 were carried out following the procedures provided 
by PETROBRAS. All the components were added at their specific concentrations into a 
beaker containing HCl solution and the other ingredients. The mixture was kept under 
mechanical agitation (Fisatom, model 713D) at 1000 𝑟𝑝𝑚 for 10 𝑚𝑖𝑛. Following, the 
prepared fluid was kept at rest for at least 10 𝑚𝑖𝑛 to reduce the foam formed during 
the shearing. VES 2 was prepared by a company employee in our laboratory and has 





At last, QuoVadis fluids were prepared similarly to VES 1. A surfactant stock solution, at 
high concentration, was previously prepared to be used as the active component. The 
active component was added into a beaker containing HCl, water and the other 
components and kept under mechanical agitation, as mentioned for VES 1. Depending 
on the composition and the identity of the active components for the QuoVadis, it was 
determined different generations and they will be stated as G1, G2 and G3. In the case 
of the later generation, there are three variations that will be stated as G3 A, G3 B and 
G3 C. Considering this, it was studied five different diverting acid fluids proposed by our 
research group. More information about the QuoVadis and its generations can be found 
in INPI patent application BR102020006183-6. 
 
7.8.2. Neutralization procedure 
 
50.0 𝑚𝐿 of the diverting fluid were neutralized with the required amount of either 
Ca(OH)2 or CaCO3. The percentage of neutralized HCl was in range of 0% up to 100%, 
depending on the diverting fluid, and it was investigated in intervals of 10%. Both 
Ca(OH)2 and CaCO3 were manipulated in powder and their quantities were weighed by 
using a precision balance. Samples were kept under mild agitation for at least 1 ℎ to 
assure the complete reaction and, as the reaction is very exothermic, to allow the 
samples to reach the room temperature before any measurement. The flasks were kept 
closed to avoid gas release, which would decrease the acid concentration and it would 
not be associated to reaction procedure. 
It is worth mentioning that special cares were taken to avoid transferring the remaining 
foam and bubbles from the stock acid fluid to the small flasks. Also, the neutralization 
procedure was used throughout the study regardless the fluid neutralized and those 








The matrix acidizing process was simulated in a core-flooding simulator (MAT700, Vinci 
Technologies) in order to understand and investigate the diverting phenomena in 
different carbonate outcrops. The outcrops used were left submerged in brine for at 
least one night before being used in the core-holder. For the core-flooding experiment, 
first it was injected brine until the slope of the graph of pressure × pore volume injected 
(𝑑𝑃/𝑃𝑉) was at least 0.5; then the stimulating acid fluid was injected until the pressure 
drops was observed due to the direct connection between the ends of the plug and, 
finally, brine was again pumped to wash the interior of the core and cease the acid-base 
reaction. It was pumped VES 1 and different generations of QuoVadis into the system 
containing Indian Limestone outcrops with different petrophysical features, i.e. 
permeability and porosity, where the difference in pressure between the extremities of 
each plug was measured as a function of the injected porous volume. The characteristics 
of the plugs, such as length (𝐿), diameter (𝑑), permeability (𝑘), porosity (𝛷) and the 
injection flow (𝑞) are presented in Table 3. The confinement pressure and backpressure 
used in all experiments were 2,600 and 1,100 𝑝𝑠𝑖, respectively. 
For the plug 122, which was treated with the first generation of QuoVadis, three-
dimensional tomography was obtained using nuclear magnetic resonance imaging (MRI) 
in collaboration with Prof. Dr. Fernando Paiva and the postdoc of his group, Dr. Bernd 
Uwe Foerster, from University of São Paulo, to identify the pattern of the wormhole 










Table 3. Characteristics of the Indian Limestone plugs used and the injection flow (𝑞) 
used for each injection. Properties presented are length (𝐿), diameter (𝑑), permeability 
(𝑘) and porosity (Φ) of the carbonate outcrop. 
Plug 𝑑 / 𝑐𝑚 𝐿 / 𝑐𝑚 𝐾 / 𝑚𝐷 Φ / % 𝑞 / 𝑐𝑚3 𝑚𝑖𝑛−1 
111 3.81 7.59 13.0 15.40 1.0 
121 3.75 15.23 275.0 15.70 1.0 
122 3.75 15.23 275.0 15.70 0.5 
123 3.76 15.25 427.0 16.00 1.0 
125 3.82 15.29 394.0 15.80 1.0 
243 3.82 7.38 514.0 17.30 1.0 
244 3.82 7.38 486.0 16.50 1.0 
245 3.82 7.35 470.0 16.20 1.0 




















8. Probing the formation of wormlike 
micelles formed by cationic 
surfactant with chlorobenzoate 
derivatives [150] 
 
8.1. Results and discussion 
 
The affinity of aromatic derivatives for the formation of wormlike micelles with cationic 
aminoquaternary surfactant varies greatly with the substituent nature and the position 
of the substituent on the aromatic ring [86,155]. In this study, we investigated the 
formation of WLM with C14TAB and different isomers of chlorobenzoate, where we 
changed both the position of the chlorine atom (ortho, meta or para) and the quantity 
of chlorine atoms (one or two substituents) in the chlorobenzoate derivatives. The 
organic compounds and the abbreviations used for each one can be seen in Figure 34. 
The organic salts were acquired in their acid form and the anionic species were obtained 
by pH adjustment. As indicated in Table A1 (Appendix A), the pKa values of the 
chlorobenzoic acids depend on the number and position of the chlorine atom in the 
aromatic ring, ranging from 1.8 to 4.2. In order to ensure the titration of the anionic 
form of chlorobenzoates, the pH of all solutions used in the calorimetric titration were 
fixed at pH 10 ± 0.1, including the solutions of C14TAB. Figure 35 shows the titration of 
C14TAB 10.0 (A and B) or 40.0 𝑚𝑚𝑜𝑙 𝐿−1 (C and D) in a reaction cell containing water or 
the organic salt at 1.40 𝑚𝑚𝑜𝑙 𝐿−1. Figure 35A and C are the results for the 
chlorobenzoates with one chlorine atom together with the sodium benzoate (4H) as a 
comparative and Figure 35B and D for those with two chlorine atoms. The ITC raw data 






Figure 34. Molecular structure of the benzoate derivatives and their abbreviations. The 
color of the molecules matches with the color used for the data presentation of each 
one. 
 
In the case of organic salts that have high affinity for the formation of aggregates, the 
use of high concentrations of titrant can make that important regions of the 
enthalpogram are lost. As an example, it is possible to mention the 3Cl or 4Cl, as can be 
seen in Figure 35A and C. While with the use of C14TAB 10.0 𝑚𝑚𝑜𝑙 𝐿−1 it was possible 
to observe the region of demicellization of the spherical micelles (initial plateau in Figure 
35A), the use of C14TAB 40.0 𝑚𝑚𝑜𝑙 𝐿−1 makes the first titrated drop of C14TAB already 
be in the region of formation and growth of the wormlike micelles for some 
chlorobenzoates. Thus, in many cases, the use of different concentrations of titrant, 
fixing the titrand concentration, is interesting so that none of these regions are lost. For 
Figure 35, the use of C14TAB 10.0 𝑚𝑚𝑜𝑙 𝐿−1 focused on events that occur in 
concentrations of C14TAB in the reaction cell of up to ~1.6 𝑚𝑚𝑜𝑙 𝐿−1 while the use of 




implication of the use of multiple titrant concentrations (in addition to the displacement 
on the abscissa axis of the enthalpogram) is that the events become more energetic 
(look at Figure 35A and C, for example), keeping the events like micellization, aggregate 
transition, etc., at the same concentrations. 
 
 
Figure 35. Enthalpy in kJ per mol of C14TAB as a function of the surfactant concentration 
in the reaction cell. Water or 1.40 𝑚𝑚𝑜𝑙 𝐿−1 of salt was fixed in the reaction cell and (A, 
B) 10.0 𝑚𝑚𝑜𝑙 𝐿−1 or (C, D) 40.0 𝑚𝑚𝑜𝑙 𝐿−1 of C14TAB in the syringe. In (A) and (C) are 
shown the salts without and with one substitution in the aromatic ring and in (B) and (D) 
with two substitutions. The black curve of C14TAB refers to the titration of C14TAB in 
water as a reference, 4H refers to sodium benzoate and the others to chlorobenzoates 
where the numbers refer to the substitution position of the chlorine atom in the 
aromatic ring. Values have been obtained from at least duplicated and the lines are only 




The presence of the chlorobenzoates in the titrated solution leads to major implications 
in the calorimetric profile, this is evident when compared with the titration of C14TAB in 
pure water. For the case of C14TAB in water, the aggregation of the C14TAB at the CMC, 
characterized by the exothermic signal, is observed at about 4.0 𝑚𝑚𝑜𝑙 𝐿−1 which agrees 
with the value already reported [179]. For the titration of C14TAB in chlorobenzoate 
solutions, the pattern of the thermograms change considerably. The formation of the 
aggregates is still associated with change on the profile of the thermogram, but it is 
observed at lower C14TAB concentrations instead. The critical surfactant concentration 
in which these aggregates are formed can be determined by the inflection point of the 
thermogram through the second derivative method (showed in Figure 28). Remarkably, 
the critical concentration is directly related to the spontaneity of the chlorobenzoate 
derivatives to thread into the micellar surface. This can be exemplified by considering 
the results for 2Cl and 3,4Cl, in which the values observed for the critical concentration 
are 1.8 𝑚𝑚𝑜𝑙 𝐿−1 and ~0.1 𝑚𝑚𝑜𝑙 𝐿−1, respectively. 
The curves were separated in three main groups based on the magnitude of their 
variation of energies: low energy, observed for titration of 4H, 2Cl and 2,6Cl; 
intermediary energy, for 2,3Cl, 2,4Cl, 3Cl and 4Cl and high energy observed for 3,4Cl. 
The last two groups present a specific thermogram profile, which is considered as 
signature of WLM formation when aromatic anions are titrated with cationic surfactants 
[73,154,155]. Since the concentration of C14TAB in the syringe is higher than its CMC, 
the variation of energy observed in the beginning of the titration is associated with the 
breaking of the C14TAB micelles and the subsequent formation of ionic pairs between 
the unimers of surfactant and the aromatic anions. Adding more C14TAB, the critical 
concentration value is reached, and the aggregate is formed. The magnitude of the 
energy released is another indicative factor of the spontaneity of the chlorobenzoate to 
form WLM with C14TAB. Indeed, the Coulombic nature of the interaction existing 
between the cationic surfactant headgroup and the carboxylate group of the organic 
salt is the same for all chlorobenzoates investigated. Therefore, the differences 
observed in the magnitude of the exothermic process cannot be attributed only to the 
electrostatic screening. The position of the chlorine atom clearly plays a main role 




𝜋 interactions between the positive charges and the electronic cloud of the aromatic 
have important contribution to the stabilization of WLM [76,77]. Therefore, the chlorine 
atoms can affect the electronic cloud of the chlorobenzoates. Another important aspect 
is the distance between the chlorine and the micelle-water interface. Clearly the 
chlorine in positions 2 is unfavorable for incorporations of 2Cl and 2,6Cl. 
The fraction of aromatic molecules incorporated into the micelles can be correlated with 




𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 , where 𝑎 is the activity of chlorobenzoate in the 
micellar phase, 𝑎𝐶𝑙
𝑚𝑖𝑐𝑒𝑙𝑙𝑎𝑟, and in the solution phase, 𝑎𝐶𝑙
𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛. In a thermodynamic 
equilibrium state, according to the concept of pseudo-phases, the chemical potential of 
the chlorobenzoate in water is equal to its chemical potential in the microphase. As 
indicated in Eq. 48, 𝑃 is correlated with the difference in the standard chemical potential 
of the chlorobenzoate, 𝜇𝐶𝑙
𝑜 , in the two regions (see for instance reference [180]). 
 
 𝜇𝐶𝑙,𝑚𝑖𝑐𝑒𝑙𝑙𝑎𝑟 
𝑜 −  𝜇𝐶𝑙,𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
𝑜 = 𝑅𝑇𝑙𝑛𝑃 Eq. 48 
 
𝜇𝐶𝑙 
𝑜  has entropic and enthalpic contributions and the ITC experiments allow direct 
considerations about the latter factor. ∆𝐻𝑎𝑔
𝑜  can be defined as the standard molar 
enthalpy of the aggregate formation at the critical C14TAB concentration, and the 
correspondent value can be determined from the ITC experiments. Yet, Δ𝐺𝑚𝑖𝑐
𝑜  and 
𝑇Δ𝑆𝑚𝑖𝑐
𝑜  for the aggregate formation can be obtained through the relations showed in 
Eq. 42 and Eq. 43, respectively, using the ionization degree of C14TAB in water of 0.28 
[181]. Probably, the ionization degree of C14TAB in presence of the organic salts 
investigated varies, but as we are more interested in the trend and the nature of the 
direction of aggregate formation (enthalpic or entropic), variations in the absolute value 
are not important for this evaluation. Table 4 shows the values of standard molar 
enthalpy, Gibbs free energy and entropy and the critical C14TAB concentration for the 
aggregate formation. The results are also presented in Figure 36 as a plot of enthalpy as 





Table 4. Standard molar enthalpy, Δ𝐻𝑎𝑔
𝑜 ,Gibbs free energy, Δ𝐺𝑎𝑔
𝑜 , and entropy, Δ𝑆𝑎𝑔
𝑜 , of 
aggregate formation and the critical C14TAB concentration in 𝑚𝑚𝑜𝑙 𝐿−1, 𝑐𝑐𝐶14𝑇𝐴𝐵, and 
molar fraction, 𝑥𝑐14𝑇𝐴𝐵,𝑐𝑐, determined by the titration of C14TAB 40.0 𝑚𝑚𝑜𝑙 𝐿
−1 in a 
reaction cell containing water or organic salt 1.40 𝑚𝑚𝑜𝑙 𝐿−1. 
Reaction cell 
𝑐𝑐𝐶14𝑇𝐴𝐵 




/ kJ mol -1 
Δ𝐺𝑎𝑔
𝑜  
/ kJ mol -1 
TΔ𝑆𝑎𝑔
𝑜  
/ kJ mol -1 
Water 3.80 6.84 10-5 -4.10 -40.89 36.79 
2Cl 1.73 3.11 10-5 0.95 -44.25 45.20 
4H 1.71 3.08 10-5 -1.72 -44.30 42.58 
2,6Cl 1.31 2.36 10-5 2.03 -45.43 47.46 
2,3Cl 0.68 1.22 10-5 -1.32 -48.23 46.91 
2,4Cl 0.52 9.36 10-6 -2.70 -49.37 46.67 
3Cl 0.42 7.56 10-6 -8.97 -50.28 41.31 
4Cl 0.36 6.48 10-6 -11.36 -50.94 39.58 
3,4Cl 0.11 1.98 10-6 -23.45 -55.99 32.54 
 
 
Figure 36. Standard molar enthalpy of aggregate formation (Δ𝐻𝑎𝑔
𝑜 ) as function of 
standard molar entropy of aggregate formation (𝑇Δ𝑆𝑎𝑔
𝑜 ) for all the organic salts 
investigated. It is also showed the results for the titration of C14TAB in water. The line in 




As can be seen in Table 4, regardless of the affinity of the organic salt used, the formation 
of the spherical mixed micelle (4H, 2,3Cl and 2,6Cl) or wormlike micelle (all others) had 
an entropic direction, since the entropy modulus is greater than the enthalpy modulus 
in all cases. This is the expected behavior for the formation of spherical micelles 
composed only of surfactant, as seen for the formation of C14TAB, and, interestingly, this 
was also observed for the formation of mixed spherical micelles and wormlike micelles. 
Based on the values of critical concentration and ∆𝐺𝑊𝐿𝑀
𝑜 , the following spontaneity for 
incorporation was obtained:  
 
2,3𝐶𝑙𝐵𝑧 <  2,4𝐶𝑙𝐵𝑧 <  3𝐶𝑙𝐵𝑧 <  4𝐶𝑙𝐵𝑧 <  3,4𝐶𝑙𝐵𝑧 
 
The profile of the enthalpogram is highly dependent on the position of the chlorine in 
the aromatic ring. If the chlorine is at the position 3 or 4, the formation of the aggregate 
is very favorable, although the same is not observed if the halogen atom is at position 2. 
If a second chlorine atom is present, the affinity of the chlorobenzoate to the micelle 
interface is even higher, however, only if the two halogens are at positions 3 or 4. 
Moreover, as observed by Smith et al. [183], the further is the chlorine of the carboxyl 
group, the more favorable is the embedding of the aromatic molecule into the micellar 
environment, and thus, the number of both species constituting the aggregate is 
increased. Therefore, a correlation between ∆𝐻𝑊𝐿𝑀
𝑜  and the contour length of the WLM 
may be expected. In this way, the viscosities of the solutions measured at the same 
molar ratios of that obtained in the reaction cell of the ITC experiments during the 
titration were determined (shown in Figure 37). As the concentrations of C14TAB and 
chlorobenzoates used in ITC experiments are relatively low, to improve the viscosity 
measurements, the concentrations of the two components were proportionally 






Figure 37. Viscosity as function of the ratio [C14TAB]/[Chlorobenzoate] obtained at 
25 °𝐶. The chlorobenzoates are indicated by arrows in the curves and the indications 5𝑥 
(or 2𝑥 for 3,4Cl) refers to the concentration multiplication factor in relation to the ITC 
experiments. The viscosities for C14TAB, 4H, 2Cl, 2,3Cl and 2,6Cl remained similar to the 
water even multiplying the concentrations by a factor of 5𝑥 and, for clarity, they are 
now shown. The values were obtained from at least a duplicate and the lines are only 
guide for the eyes. 
 
The sequence is essentially the one observed for the ∆𝐻𝑊𝐿𝑀
𝑜 . Therefore, the premises 
about the correlation between ∆𝐻𝑊𝐿𝑀
𝑜  and the number of molecules incorporated into 
the aggregates seems truthful, since the correlation between viscosity and size of 
wormlike micelles is valid in this concentration regime. However, the corresponding 
values of [C14TAB]/[salt] for the maxima viscosity, in each case, are not the same as those 
observed for the minima of the enthalpograms (the enthalpograms as function of 
[C14TAB]/[salt] ratio instead of [C14TAB] can be seen in Figure A24). In all cases, the 
maxima values for the viscosity curves are slightly shifted to higher values of 
[C14TAB]/[salt] relative to the minimum in the calorimetric curve. This is especially 
evident for C14TAB with 3,4Cl where it was investigated in two concentrations, 2 and 5 
times higher than the calorimetric experiments. Interestingly, for this anion, the ratio in 
which the maximum viscosity is reached is the same for the two concentrations used 




In order to investigate the reason for such non-coincidence of the values for 
[C14TAB]/[anion], the apparent hydrodynamic radii of the aggregates were determined 
by using the DLS technique. The results are shown in Figure 38 and in this case, the 
concentration of C14TAB and chlorobenzoate were increased twice when compared to 
the ones used in the calorimetric experiments. The distribution of the hydrodynamic 
radii and the correlation function obtained during the light scattering can be seen in 
Figure A25 for the 4Cl. 
The Stockes-Einstein Equation was used to determine the apparent hydrodynamic radii 
of the aggregates formed by C14TAB and chlorobenzoates. As wormlike micelles are not 
spherical, the hydrodynamic radii were strictly used to correlate qualitatively trends in 
the size of the aggregates with the curves obtained in ITC experiments. 
 
 
Figure 38. Apparent hydrodynamic radius of the aggregates as function of 
[C14TAB]/[Chlorobenzoate] obtained at 25 °𝐶. The chlorobenzoates are indicated by an 
arrow where the number means the position of the chlorine atom in the 
chlorobenzoate. The values were obtained from at least a duplicate and the lines are 
only guide for the eyes. [𝐶ℎ𝑙𝑜𝑟𝑜𝑏𝑒𝑛𝑧𝑜𝑎𝑡𝑒]0 = 1.40 𝑚𝑚𝑜𝑙 𝐿
−1. 
 
The shape of the curves in Figure 38 was described in previous work for different 
combinations of C14TAB and salicylate [154]. The maxima values for the apparent 




compared with the minimum of the enthalpogram. This means that for a fixed 
concentration of chlorobenzoate, beyond [C14TAB]/[chlorobenzoate]cc, the micelles 
keep growing up to their maxima length which do not coincide with the minimum of the 
thermogram. The progressive addition of C14TAB causes the redistribution of the 
components which leads to a higher number of shorter WLMs. 
In the case of fluorescent molecules, the fractions of aromatic anions incorporated into 
the micelle and free in solution are commonly determined through time-resolved 
fluorescence spectroscopy, as proposed by Shikata and Morishima [184,185]. 
Additionally, based on this property, the mechanism of WLM formation in ITC 
experiments has been systematically investigated [68]. However, the derivatives of 
chlorobenzoates are not fluorescent. Alternatively, the different populations of 
aromatic anions can be determined by measuring the self-diffusion coefficient of the 
species in solution by 1H NMR DOSY experiments. Such experiment was carried out with 
solutions of 4Cl and C14TAB. The fraction of 4Cl incorporated into the aggregate, 𝑃𝑖, was 








 Eq. 49 
 
where 𝐷4𝐶𝑙,𝑖 is the self-diffusion coefficient of 4Cl in a specific concentration ratio 𝑖; 𝐷4𝐶𝑙
∗  
is the self-diffusion coefficient of 4Cl in pure water and 𝐷4𝐶𝑙
𝐶14𝑇𝐴𝐵 is the self-diffusion 
coefficient of 4Cl assuming that it is totally incorporated into the C14TAB aggregate. The 
value measured for the self-diffusion coefficient of 4Cl in aqueous solution was 𝐷4𝐶𝑙
∗ =
5.2 10−10 𝑚2 𝑠−1. 𝐷4𝐶𝑙
𝐶14𝑇𝐴𝐵 was obtained at the condition in which 𝐷4𝐶𝑙,𝑖  remained 
constant, even increasing the concentration of C14TAB (for [𝐶14𝑇𝐴𝐵] /[4𝐶𝑙] > 1.4). The 
value obtained for 𝐷4𝐶𝑙
𝐶14𝑇𝐴𝐵was 0.72 10−10 𝑚2 𝑠−1. 
The variation of the self-diffusion coefficient of the components for mixtures of C14TAB 
and 4Cl and the fraction of 4Cl incorporated into the aggregate are represented in Figure 
39. The C14TAB and 4Cl concentration were increased two-fold compared to the ITC 




The values of the self-diffusion coefficient for the 4Cl, 𝐷4𝐶𝑙,𝑖
𝐶14𝑇𝐴𝐵, decreases as the 
concentration of C14TAB increases and this is associated with the incorporation of part 
of 4Cl into the micelle. As it can be seen in the thermogram presented by Figure A24, 
the WLM formation occurs when [𝐶14𝑇𝐴𝐵]/[4𝐶𝑙] = 0.26. At this molar ratio, around 
25% of the total 4Cl molecules were incorporated into the micellar environment to form 
the WLM. At the highest hydrodynamic radius ([𝐶14𝑇𝐴𝐵]/[4𝐶𝑙] = 0.6) around 60% of 
incorporation is observed, and finally, a fraction of 70% of the molecules of 4Cl are 
incorporated at the point of maximum viscosity. The further incorporation leads to the 




Figure 39. Self-diffusion coefficient of 4Cl in presence of C14TAB (red circles), C14TAB in 
presence of 4Cl (black circles) and fraction of 4Cl incorporated into the aggregate (blue 
circles) as function of the [C14TAB]/[4Cl]. The C14TAB and 4Cl concentration were 
increased two-fold compared to the ITC experiments. The temperature was maintained 
at 25 °𝐶. The values were obtained from at least a duplicate. 
 
Figure 40 shows the comparison of all the properties investigated and already discussed 




appropriate to correlate the energy released when WLM are formed, grow and become 
short, with the fraction of aromatic anion incorporated into the aggregate. 
Images of Cryo-TEM for the solution containing C14TAB and 4Cl at the critical molar ratio 
(black arrow of Figure 40) and at the maximum of the solution viscosity (blue arrow of 
Figure 40) are shown in Figure 41. The concentrations of C14TAB and 4Cl were increased 
five times in relation with the calorimetric experiments. 
 
 
Figure 40. Variation of enthalpy in black, viscosity in blue, apparent hydrodynamic radius 
in red and the fraction of 4Cl molecules incorporated into the aggregate in pink as 
function of the ratio [C14TAB]/[4Cl]. Each property is indicated in the graph and the axis 
is in the same color of the curve. The black and blue bold arrows indicate the 
[C14TAB]/[4Cl] in which images of Cryo-TEM were obtained. The properties were 
obtained at 25 °𝐶. The values were obtained from at least a duplicate and the lines are 
only guide for the eyes. 
 
According to the pictures of Figure 41, both cases were observed WLM in solution. At 
[C14TAB]/[chlorobenzoate]cc, though the C14TAB concentration is very low, the presence 




maximum of the solution viscosity, more WLM are present and the images of WLM are 
clearer in comparison to the one obtained at [C14TAB]/[anion]cc. 
Similar comparisons of Figure 40 for the other chlorobenzoates are shown in Appendix 
A (Figure A26 to Figure A28). The case for 3,4Cl is impressive and the maximum of 
solution viscosity is reached only when the [C14TAB]/[3,4Cl] is 12 times higher than the 
ratio in which WLM was formed according to ITC. 
 
 
Figure 41. Cryogenic transmission electron microscopy of the solution containing C14TAB 
and 4Cl at the critical concentration ratio in which wormlike micelles are formed (left) 
according to the ITC experiments and at the maximum of the solution viscosity (right). 
The C14TAB and 4Cl concentration were increased 5 times in relation with the ITC 
experiments. 
 
8.2. Partial conclusions 
 
The intensity of the exothermic process observed when derivatives of chlorobenzoates 
are titrated with C14TAB in isothermal titration calorimetric experiments is a direct 
evidence of the affinity of the anion with the micellar environment. The embedding of 
the chlorobenzoate into the aggregate causes variation on the critical packing 
parameter, changing the morphology of the C14TAB aggregates when in presence of this 




It was demonstrated that other parameters than the electrostatic interaction between 
the head of the surfactant and the carboxyl group of the chlorobenzoate need to be 
considered to explain the spontaneity of such process. The presence and position of the 
chlorine atoms in the aromatic ring critically influence the micellar aggregation. This was 
also evidenced by comparing the enthalpograms with the solution viscosity, apparent 
hydrodynamic radii of the aggregates and cryogenic transmission electron microscopy 
of the aggregates formed. If the chlorine atom is at the position 3 or/and 4 of the 
aromatic ring, the process of WLM formation is highly exothermic and cooperative. 
However, if the chlorine is at the position 2, the formation of the wormlike micelle is 
unfavorable, in agreement with previous results [186,187]. 
Interestingly, the DLS experiments have revealed that adding C14TAB to a fixed 
concentration of chlorobenzoates, the wormlike micelles still grow beyond the critical 
point in which they are formed. Moreover, the [C14TAB]/[chlorobenzoate] in which the 
viscosities of solutions reach the maxima values are shifted to higher values when 
compared with the minimum of the enthalpogram. For the case of C14TAB and 4-
chlorobenzoate, at the onset point of WLM formation, around 25% of the aromatic 
molecules are incorporated into the aggregates. However, the highest hydrodynamic 
radius is only observed when the fraction of 4-chlorobenzoate incorporated is about 
50%, which agree with the Cryo-TEM pictures. 
The magnitude of the energies and the critical concentrations of the surfactant and 
aromatic anion in which WLM are formed, grow and decrease can be precisely 
determined. This study demonstrated the high potential of ITC to investigate the affinity 
of chlorobenzoates to the micellar environment of cationic surfactant when small 
molecular variations are considered. One central aspect that can be drawn from this 






9. Role of F, Cl, Br and I in the wormlike 
micelle formation when combining 
C14TAB with 4-halogenbenzoates 
[151] 
 
9.1. Results and discussion 
 
9.1.1. Low concentration regime 
 
The calorimetric profile of WLM formation obtained from ITC is reasonably well 
understood. A lot of effort has been made by to fully characterize these systems using 
the ITC, always supported by other techniques such as DLS and Cryo-TEM 
[68,73,74,150,154,155]. In this study, we investigated the formation of WLM with 
C14TAB and different 4-halogenbenzoates: 4-fluorobenzoate (4F), 4-chlorobenzoate 
(4Cl), 4-bromobenzoate (4Br) and 4-iodobenzoate (4I). The results were compared with 
that obtained for sodium benzoate (4H). Figure 42 shows the thermograms for the 
titration of 4-halogenbenzoates with either 10.0 (A) or 40.0 𝑚𝑚𝑜𝑙 𝐿−1 (B) of C14TAB. 
The pH of all the solutions were fixed at 10.0 ± 0.1 to guarantee the deprotonated form 
of the 4-halogenbenzoic acid and that any energy variation was not related with the pH 
variation. The raw ITC data can be seen in Figure B1 to Figure B6. 
The curves obtained with 10.0 mmol L-1 of C14TAB are appropriated to investigate the 
formation, growth, and shortening of the chains of the aggregates for the anions with 
high affinity to the micellar environment. On the other hand, the curves with the titrant 
at 40.0 𝑚𝑚𝑜𝑙 𝐿−1 allow the investigation of the aggregation in which the incorporation 
of the anions into the micelle is not so favorable. The values for the variation of enthalpy 
and concentrations of C14TAB associated with aggregation are not the same for the two 
surfactant concentrations. This is because for each injection, the whole variation of 




dehydration of the aromatic anion, and exothermic ones, associated with the interaction 
between surfactant and anion are simultaneously measured. If different surfactant 




Figure 42. Variation of enthalpy per mol C14TAB, Δ𝐻𝑚
𝑜 , as function of the [C14TAB]/[Salt] 
ratio using 10.0 𝑚𝑚𝑜𝑙 𝐿−1 (A) or 40.0 𝑚𝑚𝑜𝑙 𝐿−1 (B). The salts used were sodium 
benzoate (4H) or 4-halogenbenzoates (4F, 4Cl, 4Br, 4I) with concentration of 
1.40 𝑚𝑚𝑜𝑙 𝐿−1 in the reaction cell. In (A) it is also represented unimers of surfactants 
and dissociated salts at the beginning of titration followed by the WLM aggregate 
formed at the minimum of the entalpogram of 4Br, 4Cl and 4I. Each curve is indicated 
by an arrow which specifies the salt used. The average values were obtained from at 
least a duplicate. 
 
The thermogram for addition of C14TAB in pure water (Figure B7) is associated with the 
micellar formation, in which the critical micelle concentration of the surfactant is 
observed at around 4.0 𝑚𝑚𝑜𝑙 𝐿−1 [146,154,179]. In presence of benzoate (4H), the 
micellar aggregation is observed at lower C14TAB concentration (Figure 42B and Table 5) 
showing that more stable aggregates are formed. The stability is even higher when the 
micelles of C14TAB are formed in presence of 4F, as the micellar aggregation is shifted to 




relatively low in comparison with the titration of 4Cl, 4Br and 4I. The thermograms for 
these three aromatic anions are characteristic for WLM formation. A detailed 
description about the thermogram of WLM formation and the processes involved in the 
titration can be seen elsewhere [68,150,155] and also in section 4.2 of this thesis. It can 
be separated in three main regions (Figure B8): (i) at the beginning of the titration (a 
plateau is obtained, clearly observed for 4Cl in Figure 42A) the variation of enthalpy is 
small, and it is mainly associated with the demicellization process (of the C14TAB micelles 
present in the solution of the syringe) and formation of ionic pairs; (ii) corresponding to 
the intense and cooperative exothermic process (for 4Cl, 4Br and 4I). It was 
demonstrated that, the titration of C14TAB in a reaction cell containing enough sodium 
salicylate, the first aggregate formed (beyond the plateau) is the WLM [68] and this was 
the case observed for 4Cl, 4Br and 4I.; (iii) beyond the minimum of the enthalpogram, 
the anions remain embedded into the micelles, the aggregates grow to a maximum size 
and, then, the addition of more C14TAB causes the decrease of the density of aromatic 
anions inserted into the micelles, leading to the shortening of the aggregates. In Figure 
42B, a kind of shoulder for 4Cl, 4Br and 4I can be observed, indicating that in such C14TAB 
concentration, endothermic processes overcome the exothermic processes. Beyond the 
shoulder, the curve trend to the base line (the variation of enthalpy goes to zero), 
indicating the end of the titration. 
For all titrations, the standard molar enthalpy, Δ𝐻𝑎𝑔
o , Gibbs free energy, Δ𝐺𝑎𝑔
o , and 
entropy, 𝑇Δ𝑆𝑎𝑔
o , together with the critical C14TAB concentration for the aggregate 
formation for each organic salt were obtained using the thermogram presented in Figure 
42B following the same methodology applied in the previous Chapter, Section 8.1, and 
they are showed in Table 5. The results are also presented in Figure 43, together with 
the results of the chlorobenzoate of the previous chapter (Chapter 8), as a plot of 
enthalpy as function of the entropy showing the enthalpy-entropy compensation [182] 
for the aggregation formation. 
The enthalpogram for titration of C14TAB in pure water can be used to compare the 
values for [C14TAB]cc and Δ𝐻𝑎𝑔
0  with the other cases. The variation of the free energy for 
micellization of C14TAB in pure water is obtained directly from its CMC [188]. Therefore, 




presence of all the studied anions are more stable relative to micelles containing only 
C14TAB as it is possible to see in Δ𝐺𝑎𝑔
𝑜  values. However, only for the three aromatic 
anions (Cl, Br and I) in which WLM are formed, the contribution of Δ𝐻𝑊𝐿𝑀
𝑜  to the 
variation of free energy is higher than for pure C14TAB. The values for Δ𝐻𝑎𝑔
𝑜  depends not 
only on the specific interactions between the surfactant molecules and the anions at the 
micellar interface, but also on the fraction of C14TAB and aromatic anion incorporated 
into the aggregate. In this sense, the partitioning of the anion in the aqueous phase and 
in the pseudo micellar phase must be considered. Part of the energy released may be 
associated with variations on the electronic density on the ring for the halogen atoms, 
affecting the cation-𝜋 interactions. The presence of the heteroatom affects the 
electronic cloud of the aromatic ring, influencing the ionization of the carboxyl group, as 
can be seen by the pKa values of the 4-halogenbenzoic acids in Table 6. The higher is the 
atomic number of the halogen, the less favorable is the ionization of the acid. However, 
we infer that the most relevant contribution for WLM formation comes from the 
hydrophobic effect, which drives the anions from water to the micelle interface. The 
effect is much higher in the cases of 4Cl, 4Br and 4I, because the van der Waals volumes 
of then are significantly higher than the ones for hydrogen and fluorine. 
 
Table 5. Standard molar enthalpy, Δ𝐻𝑎𝑔
𝑜 ,Gibbs free energy, Δ𝐺𝑎𝑔
𝑜 , and entropy, Δ𝑆𝑎𝑔
𝑜 , of 
aggregate formation and the critical C14TAB concentration in 𝑚𝑚𝑜𝑙 𝐿−1, 𝑐𝑐𝐶14𝑇𝐴𝐵, and 
molar fraction, 𝑥𝑐14𝑇𝐴𝐵,𝑐𝑐, determined by the titration of C14TAB 40.0 𝑚𝑚𝑜𝑙 𝐿
−1 in a 
reaction cell containing water or organic salt 1.40 𝑚𝑚𝑜𝑙 𝐿−1. 
Reaction cell 
𝑐𝑐𝐶14𝑇𝐴𝐵 




/ kJ mol -1 
Δ𝐺𝑎𝑔
𝑜  
/ kJ mol -1 
TΔ𝑆𝑎𝑔
𝑜  
/ kJ mol -1 
Water 3.80 6.84 10-5 -4.10 -40.89 36.79 
4H 1.71 3.08 10-5 -1.72 -44.30 42.58 
4F 0.78 1.40 10-5 -3.84 -47.64 43.80 
4Cl 0.36 6.48 10-6 -11.36 -50.94 39.58 
4Br 0.33 5.94 10-6 -13.80 -51.31 37.51 





Figure 43. Standard molar enthalpy of aggregate formation (Δ𝐻𝑎𝑔
𝑜 ) as function of 
standard molar entropy of aggregate formation (𝑇Δ𝑆𝑎𝑔
𝑜 ) for all the organic salts 
investigated. It is also showed the results for the titration of C14TAB in water. The line in 
red is a linear regression considering all data. 
 
Table 6. pKa values of the benzoic acid derivatives and van der Waals volume of the 
atom at position 4 of the benzoic acid. 
Element pKaa Van der Waals volumeb / 𝑛𝑚3 
H 4.20 2.3 
F 4.03 4.2 
Cl 4.05 7.1 
Br 4.37 8.4 
I 4.56 10.0 
adetermined in potentiometric titration; bobtained from ChemBioDraw Ultra 14.0 
 
For a specific C14TAB concentration, if the fraction of anions incorporated into the 
aggregate is higher, it is expected that longer WLM can be formed. Such aspect was 
investigated by measuring the viscosity of the solutions and the hydrodynamic radii of 
the aggregates. In Figure 44A are shown the curves for the variation of the viscosity of 




halogenbenzoate] ratio. For better accuracy, the concentrations of C14TAB and 4-
halogenbenzoates were increased 5 times relative to the ones used in the calorimetric 
experiments maintaining the same [C14TAB]/[4-halogenbenzoate] ratio. In Figure 44B 
are shown the apparent hydrodynamic radii for the aggregates containing the 4Cl, 4Br 
and 4I as function of [C14TAB]/[4-halogenbenzoate]. In order to obtain these results, the 
concentrations of the components were increased twice of that used in the calorimetric 
experiments. 
Figure 44 clearly indicate the growth and the shortening of the WLM as the 
concentration of C14TAB increases. The order of the maximum viscosity of the solutions 
is: 4I  20-fold 4Br and 4Br  5-fold 4Cl. Interestingly, the highest apparent 
hydrodynamic radii are practically the same for WLM formed with 4Cl, 4Br and 4I (Figure 
44B). However, considering the high aspect radius of the WLM, the apparent 
hydrodynamic radius for WLM was used only to verify regions of growth and shortening 
of the aggregates and not the persistence length distribution of the WLMs. 
The maxima values for viscosity and hydrodynamic radius do not coincide with the 
minimum of the curves of the thermograms (the comparative results for 4Cl, 4Br and 4I 
are shown in Figure 40, Figure B9, Figure B10, respectively). This trend was already 
observed for other WLM systems and it is explained by the fact that, by adding more 
C14TAB, the anions remain incorporating into the aggregates even after the onset point 
for WLM formation [68,150,155]. For this reason, up to certain limit, the chains remain 
growing, but the magnitude of exothermic process decreases, once the large energy was 
released when the aggregate was formed. Beyond the maxima viscosities and 
hydrodynamic radii, the addition of more C14TAB to a fixed salt concentration, makes 
the aggregate length decreases because the [salt] reduces. The density of incorporated 






Figure 44. (A) Viscosity and (B) apparent hydrodynamic radius as function of the 
[C14TAB]/[4-Halogenbenzoate] ratio obtained at 298 𝐾. Each curve is indicated by an 
arrow which specifies the 4-halogenbenzoated used. The average values were obtained 
from at least a duplicate and the lines are only guide for the eyes. 
 
Cryo-TEM images were acquired for solutions containing C14TAB and 4F, 4Cl, 4Br or 4I 
and they are shown in Figure 45. Except for C14TAB/4F, the samples were prepared using 
the two components in the concentrations in which the viscosities were maxima (Figure 
44A). For 4F the Cryo-TEM images for C14TAB/4F was obtained at [C14TAB]/[4F] = 2.3. 
Cryo-TEM images corroborated the indirect information obtained using other 
techniques that C14TAB with 4F solution form only spherical micelles, whereas WLM 




solution was obtained from the cryo-TEM images after counting at least 150 aggregates 
(Figure B11). The average radius was 2.9 ± 0.3 𝑛𝑚 which is a little bigger than the 
micelles containing only C14TAB [189]. Probably, this difference is associated with a small 
fraction of 4F incorporated into the micelle. There is a good correlation between the 
relative viscosity of the solutions for 4Cl, 4Br, and 4I and the correspondent Cryo-TEM 
images. The more viscous solutions, formed with 4I, presents larger density of WLM 
chains in comparison with the other systems. 
By analyzing the result of Δ𝐻𝑎𝑔
o , the viscosity of the solutions and the Cryo-TEM images, 
it can be concluded that for a specific concentration of C14TAB and 4-halogenbenzoate, 
larger number of 4I anions incorporates into the micellar environment relative to 4Br, 
4Br relative to 4 Cl, and so on. 
The partitioning of the anions between the micellar pseudo-phase and aqueous phase 
can be investigated using NMR, through the chemical shift of hydrogens of the aromatic 
anion or the self-diffusion coefficients of the species in solution. For such determination, 
experiments were carried out for combinations of C14TAB together with 4F, 4Cl or 4Br. 
The experiments were not performed for 4I due to the broadening of the peak when 
pulsed gradient field was applied. The chemical shifts of 1H nearby the COO- and nearby 
the halogen atom of the aromatic anion as function of the [C14TAB]/[4-
Halogenbenzoate] can be seen in Figure B12. For the aromatic 1H nearby the COO- it was 
observed an increase in the chemical shift (downfield displacement). This is explained 
by the positioning of the aromatic anion at the micellar interface [190]. The surfactant 
and the aromatic anion are oppositely charged, so it can be expected that 4-
halogenobenzoate molecules are incorporated into the micellar environment with the 
COO- group and the aromatic 1H nearby the COO- pointing towards the aqueous phase. 
In this configuration, the 1H nearby the halogen atom of the aromatic anion stays, on 
average, more immerse into the micelle environment suffering a upfield displacement. 
The dependence of the self-diffusion coefficient of the C14TAB and the 4-
halogenbenzoate for 4F, 4Cl and 4Br as function of [C14TAB]/[4-Halogenbenzoate] ratio 
is shown in Figure 46A. The fraction of the aromatic anion into the micellar environment 
was estimated by using the self-diffusion coefficient of the 4-halogenbenzoate in pure 





∗  measured for 4F, 4Cl and 4Br was 7.185 ∙ 10−10, 6.910 ∙ 10−10 and 
6.731 ∙ 10−10 𝑚2𝑠−1, respectively, and the 𝐷4−ℎ𝑎𝑙𝑜𝑔𝑒𝑛𝑏𝑒𝑛𝑧𝑜𝑎𝑡𝑒
𝐶14𝑇𝐴𝐵  for 4F, 4Cl and 4Br, 
obtained from Figure 46A, where its respective self-diffusion coefficient stop to varies 
as the [C14TAB] increases, are 2.02 ∙ 10−10, 1.50 ∙ 10−10 and 0.88 ∙ 10−10 𝑚2𝑠−1, 
respectively. The DOSY parameters used for each 4-halogenbenzoate can be seen in 
Table B1, Table B2 and Table B3 for 4F, 4Cl and 4Br, respectively. 
 
 
Figure 45. Cryo-TEM images obtained for all C14TAB/4-halogenbenzoates studied. For 
4Cl, 4Br and 4I, the images were obtained at the maximum of viscosity (Figure 44A) and 





Figure 46. (A) 1H Self-diffusion coefficient and (B) fraction of aromatic anion 
incorporated into the micelles, as function of the [C14TAB]/[4-halogenbenzoate] ratio, 
obtained at 298 𝐾. In (A), continuous and dashed lines correspond to the self-diffusion 
of 4-halogenbenzoate and C14TAB, respectively. The self-diffusion coefficient for the 
unimers of C14TAB and for the C14TAB micelles (at [𝐶14𝑇𝐴𝐵] = 19.0 𝑚𝑚𝑜𝑙 𝐿
−1) are 
indicated by red arrows in (A) and their values obtained experimentally and from [191] 
are 5.10 and 1.83 10−10 𝑚2 𝑠−1, respectively. The lines are only guide for the eyes. 
 
Due to the incorporation into the aggregates, the self-diffusion coefficients of the 
aromatic anions decrease as [C14TAB] increases. However, at around [𝐶14𝑇𝐴𝐵]/[4 −
ℎ𝑎𝑙𝑜𝑔𝑒𝑛𝑏𝑒𝑛𝑧𝑜𝑎𝑡𝑒] ≈ 1.6, light shoulders are observed for 4Cl and 4Br. The self-




curve remains constant at [𝐶14𝑇𝐴𝐵]/[4 − ℎ𝑎𝑙𝑜𝑔𝑒𝑛𝑏𝑒𝑛𝑧𝑜𝑎𝑡𝑒] ≈ 0.9, which is the same 
ratio in which the micelle is formed (see Figure 42B). The results for C14TAB with 4Cl and 
4Br are also in agreement with the previous results. The self-diffusion coefficients drop 
up to [𝐶14𝑇𝐴𝐵]/[4 − ℎ𝑎𝑙𝑜𝑔𝑒𝑛𝑏𝑒𝑛𝑧𝑜𝑎𝑡𝑒] ≈ 0.3 ~ 0.4. Beyond this ratio, a flat 
minimum is observed until ≈ 1.0, and then, increasing again upon addition of more 
C14TAB. The changes on the self-diffusion coefficient are consistent with the steps of 
WLM formation, growth and decrease. 
An interesting aspect for 4Cl and 4Br is that in the region of the mentioned shoulder, the 
self-diffusion coefficient of the 4-halogenbenzoate is smaller than the correspondent 
values for the aggregates. A possible explanation for this is that the excess of C14TAB in 
comparison to the 4-halogenbenzoate makes it thermodynamically favorable for 
simultaneous presence of aggregates containing only surfactants and WLM, resulting in 
an average with higher self-diffusion coefficient. This explanation was proposed by 
Mezzenga et al. in a system of reverse WLM [192]. 
Beside the limitation of the two-site model, at the [C14TAB]/[4-halogenbenzoate] in 
which WLM are formed, only around 30% of the aromatic anion is incorporated into the 
micelle. Beyond this point, at the maxima viscosity of the solutions (Figure 44B), the level 
of incorporation reached ≈ 70%. Despite the differences in the viscosity of the solutions 
formed by C14TAB and 4Cl and 4Br, according to Figure 46B, negligible variation on the 
fraction of incorporation of these two anions is observed. However, in range of 
concentration investigated, WLM formed with 4Br present lower self-diffusion 
coefficient (Figure 46A). The friction coefficient of a WLM chain, 𝑓, correlates with its 
contour length, ?̅?, in a solution with viscosity 𝜂 through Eq. 50 [193]. 
 








?̅?1 2⁄  Eq. 50 
 
Considering the Einstein equation, the self-diffusion coefficient of the WLM is 𝐷𝑊𝐿𝑀 =
𝑘𝑇 ⁄  𝑓, and then, 𝐷𝑊𝐿𝑀 ∝ ?̅?




coefficients of Figure 46A, it can be estimate that WLM formed with 4Br are around 2.8 
times longer than the ones formed with 4Cl. 
 
9.1.2. High concentration regime 
 
In semi-diluted and concentrated regimes, the chains of the WLM solutions entangle, 
forming viscoelastic solutions. The characteristic rheological diagram proposed by 
Rehage and Hoffmann, resulted from the combination of cationic surfactant and 
aromatic anions, was used for C14TAB and the 4-halogenbenzoates [194]. For this, the 
concentration of C14TAB was maintained at 60.0 𝑚𝑚𝑜𝑙 𝐿−1 varying the concentration of 
the 4-halogenbenzoates. The flow curves for the combination of the surfactant and the 
anions can be seen in Figure B13. From the flow curves, the plots of the zero-shear 
viscosity as a function of the ratio [anion]/[C14TAB] were built as can be seen in Figure 
47. It is important to draw attention to the fact that for low concentration, the results 
were expressed in terms of the ratio [surfactant]/[salt]. This is because in the ITC the 
surfactant concentration is continuously increasing in the cell reaction. However, for the 
rheological results in high concentration, the representation of the ratio as 
[salt]/[surfactant] is more usual. 
In general, the tendency for the zero-shear viscosity was the same of that observed in 
the viscosity of the solution in dilute regime (Figure 44A). For the same [anion]/[C14TAB] 
ratio, the higher is the atomic number of the halogen, more viscous are the solutions. 
However, as can be observed in Figure 47, two bumps are presented in the curve for 4I, 
with the minimum at [anion]/[C14TAB] around 1.0. Around this point the viscosities of 
the solutions are lower than the correspondent solutions for 4Br and 4Cl. Interestingly, 
at the minimum, the ratio of the two components is ≈ 1.0. As pointed out by Rehage 
and Hoffmann [194], the minimum is observed in the region of charge neutrality of the 
WLM. Therefore, the low charge repulsion, enhances the contact points of the chains, 
leading to the formation of branched structures [80,195–197]. In such condition, the 
branches can slide along the micelles, creating an import mechanism for the stress 




neutral condition is not reached for 4Br and 4Cl, due to the lower incorporation of these 
anions into the micelles. For this reason, the minimum is not observed. 
 
 
Figure 47. Zero-shear viscosity as function of the molar ratio [salt]/[C14TAB] measured 
at 298 𝐾, where the surfactant concentration was fixed at 60.0 𝑚𝑚𝑜𝑙 𝐿−1. The average 
values were obtained from at least a duplicate and the lines are only guide for the eyes. 
 
In order to investigate this aspect, oscillatory rheology was conducted for the solutions 
of 4Cl, 4Br and 4I. Figure 48A presents the variation of 𝐺’ and 𝐺” as function of 
frequency, for samples containing C14TAB 60.0 𝑚𝑚𝑜𝑙 𝐿−1 and 4I in different 
concentrations (plots for 4Cl and 4Br can be seen in Figure B14 and Figure B15, 
respectively). In addition, in Figure 48B are shown the Cole-Cole plots for 4I (the 
correspondent plots for 4Cl and 4Br can also be seen in Figure B16 and Figure B17, 
respectively). 
In the concentration ratio where the 4I showed the decrease in viscosity, from 0.75 to 
2.00, all the 4-halogenbenzoates fitted with the Maxwell model showed by Eq. 33 and 
Eq. 34. The Maxwellian behavior can also be verified in the Cole-Cole plots (Figure 48B), 





Figure 48. (A) Frequency sweep for the solutions of 4-iodobenzoate, closed symbols are 
for 𝐺’ and open symbols for 𝐺”, and their (B) correspondent Cole-Cole plots. The legends 
refer to the ratio [4-halogenbenzoate]/[C14TAB], in which [C14TAB] was fixed at 
60.0 𝑚𝑚𝑜𝑙 𝐿−1. Arrows in (A) indicate the relaxation time of each concentration. The 
experiments were carried out at 298 𝐾 and the average values were obtained from at 
least a duplicate. 
 
As can be observed, a quasi-perfect semi-circular trend characterizes the Maxwellian 
behavior. According to Cates [135], only one relaxation time 𝜏𝑟𝑒𝑙. is necessary to obtain 




breaking-recombining (𝜏𝑏.) contribute to 𝜏𝑟𝑒𝑙.. For WLM in the investigated conditions, 
𝜏𝑏. ≫ 𝜏𝑟𝑒𝑝. and 𝜏𝑅 correlates with the two processes through the relation 𝜏𝑟𝑒𝑙. =
(𝜏𝑏. ∙ 𝜏𝑟𝑒𝑝. )
1
2 (Eq. 37). Therefore, such fast-breaking limit, where several breaking and 
recombination of the WLM transient chain occurs during the reptation time is the reason 
for a unique relaxation time required. 
Using the Maxwell relations for 𝐺′ and 𝐺", 𝜏𝑟𝑒𝑙. is obtained from the inverse of the 
frequency at the cross point, when 𝐺′ = 𝐺". From parameters obtained from the 
rheological experiments in the linear viscoelastic regime, some characteristic lengths 
encountered in WLM (depicted in Figure 9) for each C14TAB and aromatic anion system 
can be obtained. 
The ratio between the contour length of WLM chain, ?̅?, and the length of the segment 
between two entanglement points can be estimated through the relation appointed by 
Eq. 41. The plots of 𝜏𝑟𝑒𝑙. and 𝑙𝑒/?̅? for WLM formed for 4Cl, 4Br and 4I, as a function of 
[4-halogenbenzoate]/[C14TAB] are shown in Figure 49. 
Based on the plots of Figure 49, some considerations about the internal structure of the 
WLM gel-like can be done. At [4 − ℎ𝑎𝑙𝑜𝑔𝑒𝑛𝑏𝑒𝑛𝑧𝑜𝑎𝑡𝑒]/[𝐶14𝑇𝐴𝐵] ≈ 1, the values for 
𝜏𝑟𝑒𝑙. for 4I (Figure 49A) assume the lowest value, and this is possibly associated with the 
formation of the mentioned branched structure. The fast process of the sliding of the 
entanglements causes a fast relaxation of the applied stress, and the system becomes 
more liquid-like. Beyond this point, the relaxation time significantly increases, because 
the fraction of the aromatic anion in the Stern layer, more the fraction incorporated into 
the micellar palisade, make the WLM chains negatively charged. Therefore, the 
structure of the WLM changed from branched to entangled micelles and the process of 
sliding is lost. For 4Cl and 4Br, such branched structure is not formed and the variation 
of 𝜏𝑟𝑒𝑙. is in a narrower range. According to Figure 49B, at [4-halogenbenzoate]/[C14TAB] 
= 0.75, 𝑙𝑒/?̅? has the following trend: 4I < 4Br < 4Cl. This means that the density of 
entanglement points is higher for WLM formed with 4I. As already shown, this is because 






Figure 49. (A) Relaxation time and (B) 𝑙𝑒/?̅? as function of the [4-
halogenbenzoate]/[C14TAB] for the 4Cl, 4Br and 4-iodobenzoate. The arrows in (A) 
indicate the color used for each 4-halogenzoate in the Figure. [C14TAB] was fixed at 
60.0 𝑚𝑚𝑜𝑙 𝐿−1. The average value was obtained from at least a duplicate and the lines 
are only guide for the eyes. 
 
9.2. Partial conclusions 
 
When the H atom at the position 4 of the aromatic ring in substituted by one halogen in 
benzoate, the incorporation of the anion into the micellar palisade of C14TAB is more 
favorable. The variation of enthalpy and the critical concentration in which the 
aggregate is formed were determine in ITC experiments. It was observed that the higher 




aggregation, and the lower is the critical concentration of C14TAB necessary to form the 
aggregate. One driven force for the embedding of the aromatic anion between the 
cationic heads of the surfactant is the cation-𝜋 interaction. Therefore, the substitution 
of H to the one halogen, can affect this interaction. Indeed, the values of pKa for 4-
halogenbenzoic acid increases from fluorine to iodine, indicating some influence of the 
halogen in the electronic cloud of the aromatic ring. However, the hydrophobic effect is 
another important component to drive the partitioning of the aromatic anion from the 
water phase to the micellar pseudo-phase. In this sense, the hydrophobic effect grows 
proportionally to the van der Waals volumes of the halogens (𝐹 = 4.2, 𝐶𝑙 = 7.1, 𝐵𝑟 =
8.4 and 𝐼 = 10 𝑛𝑚3). The high incorporation of the C14TAB and 4-halogenbenzoate 
results in formation of wormlike micelles for 4-clorobenzoate, 4-bromobenzoate and 
mainly for 4-iodobenzoate, which is clearly characterized by Cryo-TEM. The 
thermograms obtained from titration of the 4-halogenbenzoates, with C14TAB, were 
correlated with the formation, growth and shortening of the WLM. Such steps were also 
verified in the solution viscosities and the apparent hydrodynamic radii of the 
aggregates. By increasing the concentration of the two components the systems enter 
in the semi-dilute regime, characterized by the entanglements of the wormlike micelles 
chains. The gel-like characteristics were investigated by obtaining the rheograms in the 
linear and non-linear regimes. It was observed that in the case of 4-iodobenzoate, the 
high incorporation of the anion, result in the diagram described by Rehage and 
Hoffmann [194], in which two bumps are observed with a minimum viscosity at the ratio 
1: 1 between the anion and the cationic surfactant. This is associated with the formation 
of wormlike micelles with branched structures. From the rheological results obtained in 
the linear regime, it was demonstrated that the systems follow the Maxwell model and 
the density of crosslinks is highest for 4-iodobenzoate. Wormlike micelle is a very flexible 
system, that can be tuned by changing components or their relative proportions. 
Therefore, the understand about the relevance of the molecular characteristics of the 
molecules that form the aggregate is central to design systems to fit for specific 
applications. In this sense, the present work contributes to the knowledge involving 




10. Light-Triggered Rheological 
Changes in a System of Cationic 
Wormlike Micelles Formulated with 
a Photoacid Generator 
 
In the first two chapters of the results and discussion, it was explored how the position 
and type of substituent in aromatic salts influence the formation of wormlike micelles 
formed with cationic surfactant. In the next two chapters, it will be explored how it is 
possible to formulate solutions containing wormlike micelles that are responsive to 
external stimuli. In this chapter, a pH responsive fluid composed of cationic surfactant 
C16TAB or EHAC (C22) with organic salt 1,2-dihydroxybenzene (DHB) will be presented 
and how it is possible to make it also responsive to the incidence of ultraviolet light 
through the addition of a photoacid generator. 
 
10.1. Results and discussion 
 
Figure 50 shows the molecules used in this study as well the concept behind the work. 
We combine 50.0 𝑚𝑚𝑜𝑙 𝐿−1 of the cationic surfactant C16TAB with 50.0 𝑚𝑚𝑜𝑙 𝐿−1 of 
the organic acid DHB and 10.0 𝑚𝑚𝑜𝑙 𝐿−1 of the photoacid generator (PAG, 
diphenyliodonium-2-carboxylate). The black line corresponds to the zero-shear viscosity 
𝜂0 of the above solution at different pH. When this solution is irradiated with UV light, 
the PAG will be photolyzed by the reaction shown in Figure 50 and will thereby 
decompose into 10.0 𝑚𝑚𝑜𝑙 𝐿−1 each of benzoic acid (BA) and iodobenzene (IB) (UV-Vis 
spectra can be seen in Figure C1). In Figure 50, the red line corresponds to the 𝜂0 at 
different pH of a solution containing 50.0 𝑚𝑚𝑜𝑙 𝐿−1 of CTAB and DHB + 10.0 𝑚𝑚𝑜𝑙 𝐿−1 
of BA and IB. Conceptually, the red line is the rheology after UV irradiation. Thus, when 
the CTAB/DHB/PAG sample at 𝑝𝐻 7 is exposed to UV light, the pH drops from 7 to about 




hypothetical path (blue points in Figure 50). Visual inspection also showed that the 
solution turned reddish, as can be noted from the vials in Figure 50. Note that the 
changes in viscosity, pH and color induced by UV light are irreversible. While the purpose 
of this Figure is to illustrate the concept, the curves in the graph correspond to actual 
data on our system, as shown below. 
 
 
Figure 50. Schematic representation of the system and the concept behind the work. 
The center graph shows the zero-shear viscosity 𝜂0 as a function of solution pH for two 
cases. The black line represents the solution containing CTAB, DHB and the PAG 
(structures in the top left). The red line represents the solution containing CTAB, DHB, 
IB and BA. As shown by the reaction on the right, IB and BA are the products formed by 
the UV-induced photolysis of the PAG. The blue line represents the change in 𝜂0 and pH 
due to UV irradiation of the sample at 𝑝𝐻 7. As the pH drops to ~3.5, the viscosity 
increases 1,000-fold. The bottom panel shows visual evidence for this viscosity change: 
initially (left) the sample is colorless and has a viscosity close to water, whereas after UV 
irradiation, the sample is much more viscous and has a reddish color. The sample 




Figure 51 shows rheological data (for 𝜂0, from steady-shear rheology) for various 
combinations of CTAB (50.0 𝑚𝑚𝑜𝑙 𝐿−1), DHB (50.0 𝑚𝑚𝑜𝑙 𝐿−1), IB (10.0 𝑚𝑚𝑜𝑙 𝐿−1) and 
BA (10.0 𝑚𝑚𝑜𝑙 𝐿−1) from 𝑝𝐻 3 to 12. All these data are for samples before any UV 
irradiation. Data for (i) CTAB + DHB and (ii) CTAB + DHB + BA + IB are grouped in Figure 
51A. Data for (iii) CTAB + DHB + BA and (iv) CTAB + DHB + IB are in Figure 51B. The 
comparison of the viscosities for all the solutions investigated, without UV irradiation, 
can be seen in Figure C2 and the flow curves in Figure C3 up to Figure C7. In Figure 51A, 
the CTAB/DHB mixture shows a large increase in viscosity as the pH is increased above 
7.0, with 𝜂0 then peaking around a pH of 9.0 and then sharply decreasing. To explain 
this, we note that DHB has two 𝑝𝐾𝑎 values at 9.45 and 12.8. At low pH (< 7), DHB is 
fully protonated, and the neutral DHB interacts very weakly with CTAB molecules. With 
the first deprotonation of DHB (at 𝑝𝐻 > 7), DHB becomes mono-anionic and in this 
state, it strongly interacts with the cationic CTAB. The aromatic counterion of DHB 
embeds into the micellar palisade layer (due to its hydrophobicity) and such binding of 
the counterion strongly attenuates the micellar charge. This enables CTAB to form long 
WLMs, and the entanglement of these long chains drastically increases the solution 
viscosity. The drop in 𝜂0 upon further pH increase is explained by the second DHB 
deprotonation. The dianionic DHB is less likely to remain embedded in CTAB micelles 
due to its high solubility in water ⎯ instead the DHB unbinds from the micelles. This has 
the effect of reducing the length of the WLMs and thereby reducing 𝜂0. 
The effect of IB or BA (photolysis products of the PAG) on the viscosity of CTAB/DHB was 
then investigated. IB is an uncharged hydrophobic molecule and it has negligible effect 
on 𝜂0 apart from a small increase at high pH (Figure 51B). BA on the other hand is a weak 
organic acid with a pKa of 4.2. Figure 51B shows that BA serves to increase 𝜂0 over the 
pH range of 4 to 7. In this pH range, DHB is protonated, but BA becomes deprotonated 
and has low affinity for the micellar palisade [66,150]. Thus, BA induces WLMs of CTAB 
in this pH range. Surprisingly, the 𝜂0 for the solution containing all four components 
(CTAB, DHB, BA, IB) is much higher than that with three out of the four components. 
This indicates an important synergistic enhancement of 𝜂0 when both BA and IB are 
present. A possible explanation is that the presence of IB and BA changes the chemical 
potential of the DHB so as to favor its insertion into CTAB micelles. As the DHB is fully 




However, when BA and IB are both present, some of the BA and possibly also some DHB 




Figure 51. Zero-shear viscosity 𝜂0 as function of solution pH for mixtures of CTAB, DHB, 
IB and BA (red line); CTAB and DHB (black line); CTAB, DHB and BA (green line); CTAB, 
DHB, IB (blue line). The following concentrations were used: [𝐶𝑇𝐴𝐵] = [𝐷𝐻𝐵] =
50.0 𝑚𝑚𝑜𝑙 𝐿−1 and [𝐼𝐵] = [𝐵𝐴] = 10.0 𝑚𝑚𝑜𝑙 𝐿−1. The lines are only guide for the 
eyes and the values were obtained from at least a duplicate. 
 
Having characterized all the scenarios without UV irradiation, we then added the PAG 
into the base solution of CTAB and DHB. Prior to UV exposure, the PAG has negligible 
influence on the CTAB/DHB rheology at pH up to 7 (Figure C8). We then took a sample 
of CTAB/DHB/PAG at an initial pH of 7.0 and irradiated it with UV light for a period of 
30 𝑚𝑖𝑛. A portion of the sample (0.5 𝑚𝐿) was then removed and its rheology measured 
under steady shear. Irradiation was continued for the rest of the sample for another 




repeated for additional intervals of time. In the absence of UV, the photolysis reaction 
stops, and thus, the rheology that is measured is characteristic of the UV irradiation 
time. We were thus able to generate the data shown in Figure 52A, which are for the 
viscosity 𝜂 vs. shear-rate after different irradiation times. Over the first 90 𝑚𝑖𝑛, 𝜂 
increases 10-fold, but the sample continues to show a Newtonian profile (constant 𝜂 
over the range of shear rates). With further irradiation, the rheology becomes noticeably 
shear-thinning, i.e., there is a decrease in 𝜂 beyond a critical shear-rate. The zero-shear 
viscosity 𝜂0 (i.e., the viscosity in the Newtonian plateau region) rises exponentially with 
irradiation time and it finally saturates after 390 𝑚𝑖𝑛, as shown by the semilog plot in 
Figure 52B (a linear version of this plot, normalized by its initial viscosity, is shown below 
in Figure 54B). The final ratio of 𝜂0 (after UV) to the 𝜂0 (before UV) is more than 100. 
In addition to rheology, we also monitored the solution pH at various times after UV 
irradiation. The combined data for 𝜂0 and pH are mapped onto the plot in Figure 52C. 
This data clearly shows the initial (before UV) and final states of the sample. Initially, the 
sample contains CTAB, DHB and PAG, with its initial pH being 7 and its 𝜂0 being low. UV 
causes the pH to drop and the 𝜂0 to rise. Note that along with the pH drop, the photolysis 
products (BA and IB) are key to the rise in 𝜂0, as discussed under Figure 51. After 
390 𝑚𝑖𝑛 of UV irradiation, the sample pH drops to about 3.5 and the final 𝜂0 reached 
coincides with the 𝜂0 expected for a mixture of CTAB, DHB, BA and IB at the same pH in 
the absence of UV. As an aside, UV caused the CTAB/DHB/PAG sample to transform from 
clear to a reddish color probably due to some photolysis by-product. In comparison the 
CTAB/DHB/BA/IB was colorless below pH 9.0. This shows that the compound giving color 
to the sample does not significantly affect its viscosity. 
The effect of UV light on CTAB/DHB/PAG samples depends on the initial pH, as shown in 
Figure 53. Here, solutions at pH 7, 8, 9 and 10 were UV-irradiated and the drop in pH 
with time is plotted (the data in Figure 53A is normalized by the initial pH and replotted 
in Figure 53B). The pH decreases at the same rate in all cases over the first 75 𝑚𝑖𝑛. 
Thereafter, there is a sharper decrease in pH when the initial pH is 7 (after a pH of 6.2 is 
reached). These data show that the initial pH of the sample should be carefully chosen 






Figure 52. Effect of UV irradiation on the rheology of samples containing CTAB, DHB, and 
PAG. (A) Flow curves from steady-shear rheology (plots of viscosity 𝜂 vs. shear-rate) of 
a sample with initial 𝑝𝐻 7.0 at various UV irradiation times. (B) Zero-shear viscosity 𝜂0 
as function of irradiation time, extracted from the plots in (A). (C) Data for 𝜂0 vs. pH for 
the UV-irradiated sample at various irradiation times. On this plot, data for 𝜂0 vs. pH for 
a CTAB+DHB+PAG solution and for a CTAB+DHB+IB+BA solution are also plotted for 
comparison. The concentrations used are: [𝐶𝑇𝐴𝐵] = [𝐷𝐻𝐵] = 50.0 𝑚𝑚𝑜𝑙 𝐿−1 and 
[𝑃𝐴𝐺] = [𝐼𝐵] = [𝐵𝐴] = 10.0 𝑚𝑚𝑜𝑙 𝐿−1. The lines are only guide for the eyes and the 







Figure 53. Solution pH as a function of UV irradiation time for the same CTAB/DHB/PAG 
sample starting at different initial pH. (A) Raw data; (B) Normalized data, where the pH 
is normalized by the initial pH (pH0). [𝐶𝑇𝐴𝐵] = [𝐷𝐻𝐵] = 50.0𝑚𝑚𝑜𝑙 𝐿−1 and [𝑃𝐴𝐺] =
10 𝑚𝑚𝑜𝑙 𝐿−1. The lines are only guide for the eyes. 
 
In order to boost the response, we experimented with a different cationic surfactant. 
This surfactant, erucylbis(hydroxyethyl)methyl ammonium chloride (EHAC), has a C22 tail 
in comparison to the C16 tail in CTAB. Due to the longer tail, EHAC is a much stronger 
surfactant ⎯ for example, its critical micelle concentration is 50-fold lower than that of 
CTAB [107]. Results for a EHAC/DHB/PAG sample are compared to those for a 
CTAB/DHB/PAG one in Figure 54. In both cases, the samples are at 𝑝𝐻 7 at 𝑡 = 0 and 
thereafter they are irradiated with UV light. The viscosity rises and the pH decreases 




are normalized by their values at 𝑡 = 0 (the raw, un-normalized data are provided in 
Figure C9). The EHAC sample is 100 × the viscosity of the CTAB sample at 𝑡 = 0. Upon 
UV-irradiation, the viscosity and pH change faster for the EHAC sample. The highest 𝜂0 
is reached within 180 𝑚𝑖𝑛 of irradiation, and this 𝜂0 is 1000 × the value at 𝑡 = 0. For 
comparison, in the case of the CTAB sample, 𝜂0 rises 100 × the initial value and it does 
so in 390 𝑚𝑖𝑛. With just 30 𝑚𝑖𝑛 of UV, the pH decreased 0.5 units for both samples, 
but the corresponding rise in 𝜂0 was 10-fold with EHAC vs. just 2-fold for CTAB. These 
results show that light-induced changes in properties depend on all the components 
present in the system, including the surfactant. Visual changes in the EHAC sample 
induced by UV light are shown in Figure C10 and Figure C11. 
Oscillatory rheology was obtained to confirm the wormlike micelles structure in 
solution. Figure 55 shows the frequency sweep for the solutions containing CTAB + DHB 
and CTAB + DHB + PAG, both at pH 9.0 and 25 °𝐶. As can be seem, both solutions present 
the results expected for solutions containing wormlike micelles [139], where in lower 
shear frequencies the solution behaves predominantly viscous (dissipation of the shear 
stress applied) with the 𝐺" > 𝐺′ and in higher frequencies, predominantly elastic, with 
the 𝐺′ > 𝐺". The inverse of the frequency where the 𝐺′ = 𝐺" is defined as the relaxation 
time 𝜏𝑟𝑒𝑙. [48], and as is showed in Figure 55, the addition of PAG into the CTAB + DHB 
solution decreases the relaxation time from 130.0 to 3.10 𝑠. Additionally, the solutions 
do not behave as Maxwellian fluids once they did not follow the semicircular shape 
expected in the graph of 𝐺′ × 𝐺" as can be seen in Figure C12. Responsiveness to UV 
light was also investigated by oscillatory rheology using EHAC + DHB + PAG system and 














Figure 54. Solution pH (A) and zero-shear viscosity (B) as a function of UV irradiation 
time for a CTAB/DHB/PAG sample and an EHAC/DHB/PAG sample. Both samples start at 
a pH of 7. The viscosity data are normalized by its value at 𝑡 = 0. [𝐶𝑇𝐴𝐵] = [𝐸𝐻𝐴𝐶] =
[𝐷𝐻𝐵] = 50.0 𝑚𝑚𝑜𝑙 𝐿−1; [𝑃𝐴𝐺] = 10.0 𝑚𝑚𝑜𝑙 𝐿−1 for CTAB and 15.0 𝑚𝑚𝑜𝑙 𝐿−1 for 






Figure 55. Elastic (𝐺, filled symbols) and viscous (𝐺, empty symbols) moduli as functions 
of frequency for the solution containing CTAB + DHB and CTAB + DHB + PAG both at pH 
9.0 and 25 °𝐶. [𝐶𝑇𝐴𝐵] = [𝐷𝐻𝐵] = 50.0 𝑚𝑚𝑜𝑙 𝐿−1 and [𝑃𝐴𝐺] = 10.0 𝑚𝑚𝑜𝑙 𝐿−1. 
 
10.2. Partial conclusions 
 
We have devised a surfactant-based fluid whose rheology is sensitive to both pH and UV 
light. The components of the fluid are a cationic surfactant (CTAB), an aromatic 
compound (DHB) and a PAG (diphenyliodonium-2-carboxylate). The CTAB/DHB mixture 
is pH-responsive: its zero-shear viscosity 𝜂0 increases by more than five orders of 
magnitude between a pH of 6 and 9. This rise in 𝜂0 is due to the formation of WLMs, 
which are induced when one of the carboxylates on DHB is deprotonated. The addition 
of PAG to the CTAB/DHB mixture makes the fluid responsive to UV light. Upon UV 
irradiation, the PAG gets photolyzed into BA and IB and as a result, the solution pH drops 
from 7 to 3.5 and 𝜂0 rises 100-fold. This viscosity-increase mirrors that seen with 
CTAB/DHB when BA and IB are both added. The extent of the viscosity-increase depends 
on the initial pH and the UV irradiation time. A change of surfactant from CTAB to EHAC 
considerably increases the maximum 𝜂0 after irradiation (a net 1,000-fold rise over the 
𝜂0 before UV), and this higher 𝜂0 is also reached in a shorter UV irradiation time 




class of molecules that can impart light-sensitivity to many kinds of fluids, and the use 





11. Behavior of pH-responsive 
wormlike micelles in the presence 
of alkyl alcohols as cosurfactants 
 
11.1. Results and discussion 
 
As it was mentioned in the introductory part of this thesis (Chapter 1), the expected 
rheological behavior of diverting acidic fluid to be used in the acid stimulation stage in 
oil fields is relatively well known. When virgin, the acidic fluid must have low viscosity to 
facilitate the pumping and the incorporation of the fluid into the reservoir rock; in 
contact with the carbonaceous rock, the acidic fluid increases the pH and then the 
viscosity/viscoelasticity of the fluid so as to favor the divergence and, finally, with the 
continuous neutralization, the acidic fluid must decrease its viscosity so that it is 
recovered and does not damage the formation. 
Some fluids are known to exhibit this behavior [2,11,26,28,198] and this Chapter will be 
aimed at fundamental research and the rheological response of an ideal fluid that has 
the expected behavior of a diverting acidic fluid. The fluid we chose to do this 
investigation is composed of C16TAB and phthalic acid (PA) where we also investigated 
how the addition of linear alkyl alcohols as co-surfactants act on the viscosity of the 
system. The alcohols used were n-hexanol, n-octanol, n-decanol and n-dodecanol in 
different concentrations. 
 
11.1.1. Influence of the pH and [Phthalic Acid]/[CnTAB] ratio for the 
formation of WLM 
 
Phthalic acid is an aromatic organic molecule with two acid groups subject to 




2.9, PA is the majority species in solution; if 2.9 < 𝑝𝐻 < 5.5, P- is the majority species 
in solution and if 𝑝𝐻 > 5.5, then, P2- is majority. Due to this characteristic, PA and their 
deprotonated forms may present a great potential for pH responsive WLM formation 
depending on the species in solution. The fraction of the PA species in solution as 
function of the pH can be found elsewhere [199,200]. 
 
 
Figure 56. Molecular structures of PA and its charged species depending on the pH. 
 
The ITC is a very interesting and sensible technique to investigate the aggregate 
formation and the variations in energy during this process. In this technique, a surfactant 
solution above its CMC can be titrated into a reaction cell containing a solution of the 
salt of interest. Throughout the titration, the chemical potentials of the molecules in the 
reaction cell can change, leading to a new interaction balance among the solvent, 
surfactant and salt molecules. These variations in molecular interactions are commonly 
followed by variations in temperature, as a result of adsorbed or released energy as 
heat, depending on the nature of the interactions and for each surfactant injection. The 
enthalpogram profile, which is obtained by enthalpy values as function of the molar ratio 
or concentration in the reaction cell, can provide information about the critical 
concentration and enthalpy for the aggregate formation and, in specific cases, can 
provide evidences for the form of the aggregates. 
In this work, we have investigated the role of the solution pH for the WLM formation 
when titrating a solution containing 40.0 𝑚𝑚𝑜𝑙 𝐿−1 of C14TAB in a solution containing 
5.0 𝑚𝑚𝑜𝑙 𝐿−1 of PA in different pH and the results are shown in Figure 57. The raw data, 






Figure 57. Molar enthalpy in kJ mol-1 as function of [C14TAB]/[PA] ratio. [𝐶14𝑇𝐴𝐵]0 =
40.0 𝑚𝑚𝑜𝑙 𝐿−1 and [𝑃𝐴] = 5.0 𝑚𝑚𝑜𝑙 𝐿−1. The lines are only guide for the eyes and the 
values were obtained from at least a duplicate. 
 
From Figure 57, it is possible to observe that the enthalpograms change considerably 
with the solution pH. In the conditions of the titration, it is reasonable to consider that 
the curves presented in Figure 57 have initial enthalpy values comparable among them. 
In addition, the curves can be separated in two major groups regarding the nature of 
the enthalpy. For pH values from 2 to 5, the aggregation processes are exothermic, 
whereas for pH from 6 to 9 the aggregation processes are endothermic. 
For 𝑝𝐻 2 and 3, which presented negative values of enthalpy at the minimum, the 
enthalpy increased (𝑝𝐻 2) or kept constant (𝑝𝐻 3) with further addition of C14TAB. For 
pH 4 and 5, which presented a positive enthalpy at the minimum, the enthalpy increased 
again up to a local maximum and then decreased with further addition of C14TAB. For 
pH 6 up to 9, the initial addition of C14TAB increased the enthalpy (endothermic process) 
up to a maximum value and then the enthalpy decreased and for pH 7, 8 and 9, the 
enthalpograms have nearly the same profile. 
Although the ITC is a very powerful technique to obtain thermodynamic parameters 




enthalpogram (enthalpy as function of the molar ratio) can require the correlation with 
other techniques. Our group has published a series of papers [68,150,151,155] 
identifying the enthalpogram profile for WLM formation and the interpretation 
according to the dynamic of the aggregate in the different regions of the enthalpogram. 
We proposed the enthalpogram interpretation forming the WLM with the classic sodium 
salicylate cosolute [68], investigated the enthalpogram profile using a series of aromatic 
cosolutes [155], studied the effect of the position and amount of the chlorine atom in 
the isomers of chlorobenzoate for the enthalpogram [150] and also studied the effect 
of the halogen atom size in the 4-halogenbenzoate for the formation of WLM using 
isothermal titration calorimetry [151]. 
Briefly speaking, when adding a surfactant solution, at concentration higher than its 
CMC, into a reaction cell containing a cosolute solution, the expected enthalpogram for 
WLM formation can present three main regions. The first region is associated with the 
rupture of the spherical micelles of the titrant solution and ionic pair formation between 
the free surfactants and cosolutes. This region is not always observed, depending on the 
hydrophobicity of the surfactant and on its affinity to the cosolute molecules. The 
second region, an intense exothermic process, where the surfactant concentration into 
the reaction cell is high enough for the formation and growth of the WLM. And finally, 
the third region, an endothermic process, where a redistribution of the cosolutes 
molecules present in the WLM aggregates is expected with a subsequently change in 
the aggregate length. The enthalpy of the exothermic process of the second region is 
the enthalpy of the WLM formation, Δ𝐻𝑊𝐿𝑀
𝑜 , and the inflection point of this region is 
the critical concentration for the WLM formation, 𝑐𝑐. 
Essentially, to observe the whole curve or specific regions of the enthalpogram both 
concentrations, surfactant and cosolute, must be tuned. In the case of Figure 57, in order 
to observe the second and third region of the enthalpograms, it was not possible to 
observe the first region associated with the rupture of the C14TAB spherical micelles. For 
𝑝𝐻 2, the PA is almost totally protonated and the interactions between the cationic 
surfactant C14TAB and the PA is not so favorable to favor the formation of WLM, due to 
the absence of a negative charge, so as the enthalpogram observed has the profile of 




protonated and half with one carboxyl group deprotonated, the enthalpogram profile 
did not presented the third expected region for the WLM formation. The increase in 
enthalpy after the local minimum and, then, even that a decrease in the 𝑐𝑐 is observed, 
only very short aggregates or mixed spherical micelles are expected. For 𝑝𝐻 4 and 5, the 
enthalpogram observed is that expected for WLM formation. In these pH values, P- is 
the majority in solution, so the Coulombic interactions between the P- molecules and 
the C14TAB are so strong that the entropic restrictions for P- due to its incorporation into 
the aggregate interface is allowed, leading to the formation of WLM. In 𝑝𝐻 6, the PA is 
almost completely deprotonated and its solubility in water is very high so as only 
spherical micelles with endothermic formation are observed. For 𝑝𝐻 7 up to 9, the PA 
is totally deprotonated, assuming its P2- form, and no molecular differences are 
observed among these pH so as the aggregate and enthalpogram expected is the same 
for all of them. Therefore, the driving force for the different forms of the aggregate and 
the enthalpogram obtained is associated with the PA specie in solution. 
As it was seen, the pH can dictate either the WLM is going to be formed or not. In the 
case of the formation, a sharp increase in the solution viscosity can be expected. For the 
following experiments, C16TAB was adopted in order to obtain results presenting 
changes in viscosity that are more evident than the ones expected for C14TAB. In this 
sense, the solution viscosity of these systems was investigated in all pH range of 
responsiveness and [PA]/[C16TAB] ratio for the aggregate formation fixing [𝐶16𝑇𝐴𝐵] =
100.0 𝑚𝑚𝑜𝑙 𝐿−1. The results can be seen in Figure 58 and all the flow curves can be 
seen in Figure D9 and Figure D10. From now on, all the results will be based on the 
cationic surfactant C16TAB instead of C14TAB because we would like to favor the 







Figure 58. (A) Surface showing the influence of the solution pH and the [PA]/[C16TAB] 
ratio for the zero-shear viscosity of the solution; (B) Zero-shear viscosity as function of 
the solution pH for the different [PA]/[C16TAB]; (C) Zero-shear viscosity as function of 
the [PA]/[C16TAB] in different solution pH. The lines are only guide for the eyes and the 





The solutions were investigated in 𝑝𝐻 1 to 7 and the ratio [PA]/[C16TAB] from 0.25 to 
2.00. The phase diagram, ratio as function of the solution pH, can be seen in Figure D11 
and the phase separation was observed only for high [PA]/[C16TAB] and low pH. For pH 
1 the phase separation was observed for molar ratio higher than 1.50, whereas for pH 
2, the phase separation occurred above ratio 2.00. In these pH values, both carboxyl 
groups of the PA are protonated and, as the Coulombic interaction with the surfactant 
is weak, its partition coefficient in water is high, and it precipitates because it reaches 
its maximum solubility in water. For all other pH and ratios, the solutions were stable at 
room temperature. 
Both [PA]/[C16TAB] ratio and solution pH are extremely important for the solution 
viscosity and Figure 58A shows a surface involving both variations. From Figure 58A it is 
possible to observe that the maximum of solution viscosity is in the range of 𝑝𝐻 2 to 4 
and ratio 0.50 to 0.75. Surfaces are interesting tools for qualitative and fast evaluation 
but not so friendly for quantitate assessment, then, the contour map of the surface are 
available in Figure D12 and also bidimensional graphs showing separately the influence 
of the solution pH or the [PA]/[C16TAB] ratio for the solution viscosity in Figure 58B and 
Figure 58C, respectively. 
Fixing the [PA]/[C16TAB] ratio and varying the solution pH showed in Figure 58B, several 
remarks can be mentioned. For ratio 0.25 a different profile for the solution viscosity as 
function of the pH can be observed when compared to the other ratios. In this case, 
there is an excess of C16TAB and increasing the pH, increases the solution viscosity little 
more than one order of magnitude comparing the 𝑝𝐻 4, where the maximum is 
observed, to the 𝑝𝐻 1 and then the solution viscosity decreases again to water-like 
viscosity. The gain in the viscosity in this pH range occurs due to the PA that are partially 
deprotonated and according to fraction of species in solution of PA as function of the 
solution pH, the PA with one carboxyl deprotonated has its maximum exactly at this pH. 
For ratios with higher PA concentration, the profile is different from that observed for 
0.25 but very similar among them. In 𝑝𝐻 1, the solution viscosity is already two orders 
of magnitude higher than water. Increasing to 𝑝𝐻 2, the solution viscosity increases 
more than five orders of magnitude where a maximum of viscosity is observed in some 




and then increases again in 𝑝𝐻 6. After this pH, the solution viscosity decreases in four 
orders of magnitude reaching values comparable to water. 
The increase in the solution viscosity in these ratios occurred due to the formation of 
the wormlike micelles and a possible explanation for the maximum of the solution 
viscosity in 𝑝𝐻 2 and 6 is that the high concentration of PA and C16TAB changed the pKa 
of the PA to favor the coulombic interactions between the PA and C16TAB and hence the 
formation of WLM, decreasing the first pKa and increasing the second one. 
Still in Figure 58, it is worth noting that for ratios ≥ 0.50 and fixing the solution pH, the 
increase of the ratio makes the solution less viscous which is better visualized in Figure 
58C. In Figure 58C is possible to observe that the increase of the [PA]/[C16TAB] enhances 
the viscosity up to ratios of about 0.50 and after that, the solution viscosity drops, except 
for the 𝑝𝐻 7 which changed a little the solution viscosity with the solution pH. After the 
maximum in the solution viscosity for ratio 0.50, the decrease with the pH is lower as 
higher is the pH up to 𝑝𝐻 6, where no decrease is observed in the solution viscosity with 
the addition of PA. 
To investigate the reversibility of the system, the solution of ratio [𝑃𝐴]/[𝐶16𝑇𝐴𝐵] =
0.50 was cycled between 𝑝𝐻 1 and 2 8 times and the flow curves, together with the 
zero-shear viscosity in each cycle can be seen in Figure 59. 
In general, the viscosities of the solutions with 𝑝𝐻 2 are higher than the one observed 
in 𝑝𝐻 1. However, the viscosity in 𝑝𝐻 1 becomes considerable higher throughout the 
cycles, whereas the opposite is observed in 𝑝𝐻 2. To change the pH from 1 to 2, or from 
2 to 1, small aliquots containing HCl or NaOH were added to the solution. The WLM 
solution were prepared in a concentrated regime, so aliquots of acid or base were very 
concentrated as well. In this process of adjustment of pH, several Cl and Na+ ions were 
also added, which change drastically the ionic strength of the solution. As it is already 
known, WLM formed by cationic surfactant and anionic salts present different responses 
depending on the ionic strength. Other studies involving cationic surfactants and PA 
showed a better reversibility than that observed in Figure 59 [201] but this occurred 




changes in pH requires a small concentration of acid or base and, consequently, a lower 
ionic strength variation. 
 
 
Figure 59. (A) Flow curve and (B) zero-shear viscosity over 8 pH cycling between 𝑝𝐻 1 
and 2 for the solution [𝑃𝐴]/[𝐶16𝑇𝐴𝐵] = 0.5, with [𝐶16𝑇𝐴𝐵] = 100.0 𝑚𝑚𝑜𝑙 𝐿
−1. Red 
curves and red squares are for 𝑝𝐻 2 and black curves and black squares are for 𝑝𝐻 1. 
The lines are only guide for the eyes and the values were obtained from at least a 
duplicate 
 
Cryo-TEM images were obtained for [𝑃𝐴]/[𝐶16𝑇𝐴𝐵] = 0.50, with [𝐶16𝑇𝐴𝐵] =
20.0 𝑚𝑚𝑜𝑙 𝐿−1, in 𝑝𝐻 1, 3, 5 and 7 and they can be seen in Figure 60. 
For 𝑝𝐻 1 and 7 it was observed spherical micelles and for 𝑝𝐻 3 and 5, wormlike micelles. 
Differently from what was observed in Figure 58 where WLM is already perceived in 
𝑝𝐻 1 due to the increase in the solution viscosity, in 𝑝𝐻 1 cryo-TEM images were 
observed only spherical micelles due to the lower concentration of PA and C16TAB even 
that the ratio is the same. We also investigated the solution viscosity in the 
concentrations very close of that used for cryo-TEM, using 50.0 𝑚𝑚𝑜𝑙 𝐿−1 of C16TAB, 
with the same ratio, and it can be seen in Figure D13 together with the flow curves in 
Figure D14. The results show that, in 𝑝𝐻 1 a decrease from 100.0 to 50.0 𝑚𝑚𝑜𝑙 𝐿−1 in 
C16TAB concentration, in ratio 0.50, decreased in more than 2 orders of magnitude the 




20 𝑚𝑚𝑜𝑙 𝐿−1 of C16TAB and ratio 0.50, only spherical micelles are observed in 𝑝𝐻 1 as 
it was observed from cryo-TEM images. 
 
 
Figure 60. Cryo-TEM for [𝑃𝐴]/[𝐶16𝑇𝐴𝐵] = 0.5 with [𝐶16𝑇𝐴𝐵] = 20.0 𝑚𝑚𝑜𝑙 𝐿
−1 in 
𝑝𝐻 1, 3, 5 and 7. Red, blue and green arrows are torsion points, closed rings and 
endcaps of the WLMs. 
 
The diameter of the spherical micelles observed in 𝑝𝐻 1 and 7 has comparable sizes 
considering the uncertainty, 7.2 ± 1,0 and 5.8 ± 0.5 nm, respectively. For the count, at 




the diameter distribution, can be seen in Figure D15 up to Figure D18. In both pH values, 
the diameter is similar to the one expected for spherical micelles of C16TAB [202] and 
shows that the presence of the PA did not influence the radius of the aggregate in these 
pH. 
For 𝑝𝐻 3 and 5, where WLM are observed, the entanglement density is clearly different. 
For 𝑝𝐻 3, a much more crowded solution is observed with several torsion points in the 
WLM chains while for 𝑝𝐻 5 the WLM are relatively spaced where torsion points are also 
observed and also closed-ring micelles and endcaps. Even though some endcaps were 
observed, it was not possible to estimate any WLM contour length because no WLM was 
fully visualized within the detector window. 
 
11.1.2. Addition of n-alcohols 
 
N-alcohols with long alkyl chain is known to have surface activity and can act as co-
surfactants [203,204]. The addition of these molecules in systems containing aggregates 
can deeply interfere in the structure and the dynamic of the aggregate formed. In this 
section, we studied the influence of n-alcohols such as 1-hexanol, 1-octanol, 1-decanol 
and 1-dodecanol in the solution containing [𝑃𝐴]/[𝐶16𝑇𝐴𝐵] = 0.50 fixing [𝐶16𝑇𝐴𝐵] =
100.0 𝑚𝑚𝑜𝑙 𝐿−1 and all range of pH responsiveness. 
To begin with, we have investigated the phase diagram for all the alcohols varying the 
alcohol concentration up to 20.0 𝑚𝑚𝑜𝑙 𝐿−1 as function of the solution pH. The results 






Figure 61. Phase diagrams for the solutions containing [𝑃𝐴]/[𝐶16𝑇𝐴𝐵] = 0.5 with 
[𝐶16𝑇𝐴𝐵] = 100.0 𝑚𝑚𝑜𝑙 𝐿
−1 and different concentration of 1-decanol or 1-dodecanol 
as function of the solution pH. 
 
For hexanol and octanol, the alcohol was totally soluble until 20.0 𝑚𝑚𝑜𝑙 𝐿−1, but for 
decanol and dodecanol a phase separation was observed in higher concentration of 
alcohols and intermediate pH. For decanol, the phase separation occurred only with the 
addition of 20.0 𝑚𝑚𝑜𝑙 𝐿−1 of alcohol in the pH values of 3, 4 and 5. For dodecanol, the 
phase separation occurred in a lower concentration of alcohol, with 15.0 𝑚𝑚𝑜𝑙 𝐿−1 in 
pH values of 4 and 5, and with 20.0 𝑚𝑚𝑜𝑙 𝐿−1 in the pH values of 3, 4 and 5. 
As the alkyl chain of the alcohols added is relatively long and all of them are totally 
insoluble in water, the solubilization of these alcohols in this system can only occur with 
the incorporation of the alcohol into the surface of the aggregate with the OH group 




aggregate formed and, in some cases, depending on the pH can promote the phase 
separation. 
To investigate the role of the alcohols in the WLM chain, we also studied these solutions 
with rheology using the fluid [𝑃𝐴]/[𝐶16𝑇𝐴𝐵] = 0.50, with [𝐶16𝑇𝐴𝐵] =
100.0 𝑚𝑚𝑜𝑙 𝐿−1. The zero-shear viscosity as function of the solution pH for all the 
alcohols investigated in the different concentration can be seen in Figure 62. The flow 
curves, 3D surfaces and contour maps can also be seen from Figure D19 to Figure D22. 
 
 
Figure 62. Zero-shear viscosity as function of the pH for the solutions containing 
[𝑃𝐴]/[𝐶16𝑇𝐴𝐵] = 0.50, with [𝐶16𝑇𝐴𝐵] = 100.0 𝑚𝑚𝑜𝑙 𝐿
−1, and different 
concentrations of the alcohols 1-hexanol, 1-octanol, 1-decanol and 1-dodecanol. The 
arrows in the curves of the 1-hexanol indicate the alcohol concentration and the colors 
scheme are the same for the other alcohols. The lines are only guide for the eyes and 





As can be seen, the presence of the alcohol deeply interferes in the viscosity of the 
solution, depending on the identity of the alcohol, concentration of the alcohol and the 
pH. With the alcohol incorporation into the WLM body, the dynamic of the WLM change 
and the intermolecular interactions occurring in the interface of the WLM, which 
changes the CPP and hence length of the aggregates. So, depending on the alcohol, 
concentration and pH, the viscosity changes both by the WLM length and by the change 
in the relaxation dynamic of the WLM. Unfortunately, it was not possible to obtain the 
results of oscillatory rheology in time to be included in the thesis due to the COVID-19 
stoppage, but these data will be in the scientific article that we intend to submit with 
these data. 
The viscosity of the solution varied with the addition of the alcohol. As higher the alkyl 
chain, higher the interference for the same alcohol concentration. For the extremes pH, 
1 and 7, the addition of the alcohol increased the solution viscosity and for intermediate 
pHs, 3, 4 and 5, the solution viscosity decreased with the addition of the alcohol. 
For 𝑝𝐻 1, the predominant form of the PA is with the two carboxyl group protonated, 
which does not interact properly with the cationic surfactants due to the absence of a 
negative charge. Because of that, any addition of alcohol can change the CPP, increasing 
the aggregate length and the viscosity of the solution. As longer the alkyl chain of the 
alcohol and higher the alcohol concentration, more pronounced is this effect and higher 
is the solution viscosity. For the intermediate pH, 3, 4 and 5, P- is the major specie in 
solution, so due to the intense Coulombic forces between the P- and the surfactant 
molecules, it is expected a high incorporation of the salt in the interface of the 
aggregate. In this scenario, the alcohol molecules are also incorporated into the 
interface of the aggregate which is highly populated, and they can compete spatially 
with the molecules present in this crowded environment. As a consequence, the mean 
distance between the PA and the surfactant molecules can be increased, changing the 
surfactant CPP and the aggregate length and, hence, the solution viscosity. The longer 
the alcohol alkyl chain or the higher the alcohol concentration, the higher is the intensity 
of this aspect. And, finally, for 𝑝𝐻 7 the P2- is the main specie in solution which is very 




aggregate is poorly populated by the P2- and then the addition of the alcohol molecules 
into water increases the CPP, so its length and the viscosity of the solution. 
In Figure D25, Figure D26 and Figure D27, it is also possible to find graphs of the 
influence of the alcohol concentration in different pH values for each alcohol used, the 
influence of the pH for the different alcohols used fixing the alcohol concentration and 
the influence of the identity of the alcohol used in the solution viscosity in the different 
solution pH fixing the alcohol concentration. They are essentially the same data plotted 
in different forms to help identify and interpret different trends. 
 
11.2. Partial conclusions 
 
Fluids containing wormlike micelles composed of C16TAB and phthalic acid are 
responsive to pH and have the ideal rheological profile expected for a diverting acid 
fluid: when virgin (low pH), the fluid has low viscosity; with neutralization the fluid has 
a large increase in viscosity and, after a certain point of neutralization, its viscosity 
reduces again close to the water viscosity. In the case of the fluid presented in this study, 
this viscosity modulation is associated with the different pKa that the phthalic acid 
molecule presents. At pH below the first pKa or above the second pKa, the phthalic acid 
molecule is fully protonated and deprotonated, respectively. In these forms, the 
interactions with the cationic surfactant are not as effective, making their partitioning 
in the micelle environment not high and the formation of wormlike micelles and 
increased viscosity is not favored. When the pH is between the two pKa of phthalic acid, 
the majority form of phthalic acid in solution is the monoanionic and, due to the strong 
interactions with the cationic surfactant and its partitioning in the micellar environment, 
wormlike micelles with long contour length are induced giving the solution a high 
viscosity. 
The addition of linear alkyl alcohols to the solution containing C16TAB and phthalic acid 
can greatly change the viscosity and viscoelasticity of the solution depending on the pH. 
At pH below the first pKa and above the second pKa of the phthalic acid, the addition of 




alcohol chain, the greater the resulting viscosity. For pH intermediate to the two pKa of 
phthalic acid, a decrease in viscosity was observed and, the higher the alcohol chain of 





12. Static acid dissolution of 
carbonate outcrops investigated by 
time domain Nuclear Magnetic 
Resonance and X-ray tomography 
 
12.1. Results and discussion 
 
In addition to the rheological properties of a diverting acidic fluid (Chapter 11), the 
reactivity of the acidic fluid with carbonaceous rock is also another fundamental 
parameter for a successful acid stimulation step as discussed in Chapter 1. Thus, in this 
Chapter, it was investigated the acid reactivity of different carbonaceous rocks against 
aqueous solution of hydrochloric acid and acetic acid. 
 
12.1.1. Acid dissolution 
 
The carbonate samples and their reactivities were studied following the methodology 
described in materials and methods, section 7.7.3. The photographs of the plugs of each 
carbonate before the reaction can be seen in Figure E7 and the images of the same 
outcrops during the four dissolution cycles can be accompanied from Figure E8 to Figure 
E11. The figures show that the higher the time of dissolution, the more damaged the 
sample seems to be, indicating the progress of the chemical reaction. The corresponding 






Figure 63. Percentage of mass loss as a function of the reaction time for each carbonate 
outcrops and both acid dissolution processes (HCl and HAc). Full symbols and continuous 
lines are for the results obtained in HCl and empty symbols and dashed lines are for HAc. 
The color scheme is represented by the arrows and the respective abbreviations for each 
carbonate rock. The lines are only guide for the eyes and the bar errors are mean 
deviations obtained for sets of three experiments. 
 
Figure 63 can be separated into two major groups. As can be seen, there is a group of 
samples where the reactivity is very similar for both acids, i.e. the mass loss and time 
dependence seem to be very comparable for HCl and HAc. For this first group (group 1), 
we can cite DP (wine symbols), EDW (pink symbols) and IND (green symbols). In this 
case, the mass loss due to the dissolution in HCl solution are slightly higher than the 
ones for HAc, which is expected, since the HCl is a stronger acid than the organic acid, 
HAc. 
On the other hand, the mass loss of the second group (group 2) depends strongly on the 
acid used. That is the case for EDB (blue symbols), HPD (black symbols) and LPD (red 




HAc, whereas a considerable mass loss is noted when reacting with HCl, even though 
the percentages are still lower than the ones observed in group one. 
It is very well known that petrophysical properties of carbonate rocks are very important 
for the kinetic aspects of a reaction with organic and inorganic acids. In this sense, we 
tried to correlate the results presented in Figure 63 with the permeabilities and 
porosities of the respective samples. These properties are summarized in Table 7, sorted 
by permeability, from the highest to the lowest. The morphologies of each sample can 
be also discussed by observing the microscopic images of thin sections, which are 
presented in Appendix E (Figure E12 to Figure E16). 
 
Table 7. Permeability and porosity of each carbonate. The data is presented from the 
highest to the lowest permeability. The reaction group is also presented. 
Carbonate rock type Group Permeability / mD Porosity / % 
HPD 2 468.00 14.90 
EDB 2 268.00 35.30 
IND 1 216.49 15.90 
DP 1 97.73 25.60 
LPD 2 9.74 10.60 
EDW 1 0.63 17.10 
 
A good combination of permeability and porosity, i.e. higher values of both properties 
to favor the reaction advance, could be the key to explain the results observed in Figure 
63. However, no easy correlations between the trends presented in Figure 63 and Table 
7 can be made. For example, HPD and EDB present the highest values of permeability 
and both are from the reaction group 2 where a low reactivity can be seen, depending 
on the acid used. In addition to that, EDW is the less permeable carbonate rock and even 
though it reaches one of the highest reaction rates. Porosity cannot be used to explain 
the trend in Figure 63 as well, since no correlations between the mass loss and the 
porosities values can be made. These observations are evidences that, although the 




static reaction the chemical composition can be more relevant. To investigate such 
aspect, X-ray fluorescence was carried out and the atomic compositions of the 
carbonates before acid dissolution are presented in Figure 64. 
 
 
Figure 64. Atomic composition of carbonate outcrops obtained by X-ray fluorescence. 
Only the components with weight percentage higher than 0.1% are presented 
separately. Red is for calcium, blue for magnesium, yellow for silicon, purple for 
aluminum, dark blue for potassium, green for chlorine, pink for iron and grey is for all 
other elements. 
 
Although the mass loss and the petrophysical properties are not very comparable, a 
good correlation can be established between the mass loss and the chemical 
composition (see Figure 64). HPD, LPD and EDB, the carbonate rocks from group 2 with 
low reactivity, present in their composition a high content of Mg. Interestingly, the 
higher the Mg content in composition, the lowest the mass loss observed. The dolomites 
presented about 15% of Mg and the lowest reaction rates followed by EDB, which is 




significant amount of Mg in their compositions and the acid dissolution for their plugs 
occur normally when using both acids. 
It is worth to mention that the influence of Mg2+ in solution was investigated. The 
hypothesis was that the Mg2+ ions released into the solution, due to the reaction 
between the carbonate rocks from group 2 and the acid solution, could possibly slow 
the progress of the reaction. To investigate that, acid solutions were prepared 
containing different amounts of MgCl2 and the acid dissolution experiments were 
carried out following the same procedure. No considerable differences were noted 
when comparing the results of mass loss in the presence or absence of the MgCl2, 
indicating that low reactivity for some samples depends on the nature of the carbonate 
rocks. 
The acid used for the dissolution process also plays an important role on the mass loss 
results. This can be easily noted when observing the surfaces of the carbonate plugs 
used for the dissolution experiments (see Figure E7 to Figure E11). When comparing 
plugs from the same outcrop that underwent acid dissolution in HCl or HAc it is possible 
to observe that, depending on the acid used, the impact on the carbonate surfaces are 
very different. Irregular surfaces are formed for HPD and LPD, when reacting with HCl; 
however, practically no modifications were observed on these matrices when reacting 
with HAc. The remarkable cases are presented in Figure 65, where photographs of DP, 
EDW and EDB are presented after the first and fourth cycles for HCl and HAc solutions. 
When comparing cycles 1 and 4, it can be noted that EDB samples submerged into HCl 
solution suffered a very uniform dissolution where the samples decreased in size 
radially, whereas the outcrops submerged into HAc apparently did not change 
considerably. Interesting, EDW and DP samples with HCl suffered a similar radial 
reduction in size with small grooves on the surface; however, when reacting with HAc, 
the original size is basically preserved, although a very irregular surface was formed with 
small pores on the entire outcrop. In addition to that, noticeable modifications on the 
coloration of the EDW and DP, depending on the acid used, being the DP the most 
evident example of this statement. IND samples followed a similar behavior, though it is 
hard to describe that due to the silicon domains that are practicable insoluble. 




HCl and an irregular surface is formed with HAc and samples from group 2 (HDP, LDP 




Figure 65. Pictures of the carbonates after first cycle (left) and fourth cycle (right) of acid 
dissolution for EDB, EDW and DP using carbonate triplicates. The three plugs on the left 
were reacted in HCl solution and the three on the right with HAc. 
 
It suggests these different patterns of dissolutions may be driven by different 
mechanisms, depending on the acid used. HCl is a strong acid, which means that when 
in solution all the molecules go through ionization, forming an equivalent of H+ and Cl-. 
In this case, carbonate rocks suffer a regular dissolution because the H+ ions are always 
available and in contact with the entire surface of the plugs. On the other hand, HAc is 
a weak acid presenting a small value of dissociation constant, i.e. it only ionizes partially 
when in solution. In this case, H+ ions are less available in this case, so the protonated 
form of the molecule is more likely to collide with the surface of the carbonate plugs, 
slowing the reaction rate and occurring in specific points of the surface [205]. 




several small pores on the surface, though their original dimensions are practically 
preserved. 
 
12.1.2. NMR experiments 
 
The theory for time domain NMR (TD–NMR) for porous media can be found elsewhere 
[206,207] and it is described that the transverse relaxation time determined for fluids 















 Eq. 51 
 
where the first term on the left side of Eq. 51 refers to the bulk relaxation rate and the 
second the surface relaxation rate, 𝜌2 is the surface relaxivity, and 𝑆 and 𝑉 are, 
respectively, the surface and volume of the pores where the water molecules are 
confined. Normally, the 𝑉/𝑆 ratio is associated with pore size. 
In many cases, the surface relaxation rate is much higher than the bulk relaxation rate, 
so that the bulk contribution can be disregarded. However, in the case of the 
macropores in carbonate rocks, the pore sizes can be large enough to make bulk and 
surface relaxation rates similar, making it difficult to distinguish bulk and surface 
relaxations. 
The outcrops used herein were very small, so the ratio between the outer pores (pores 
near the external surface) and the pores in the interior of these samples are very 
relevant. When investigating larger samples, most of the incorporated water can be 
found in the interior of the carbonate rocks, so that the fraction of water incorporated 
into outer pores is not very relevant. However, for the smaller outcrops, water 
molecules on the outer pores becomes important, since they represent a major portion 
of the incorporated water. In addition, due to the intense acid dissolution, in some of 




reaction has been investigated, the main variations occur predominantly on the external 
surface. 
As mentioned, for these experiments, water must be incorporated into the pores of the 
carbonate rocks and it was done during each acid dissolution interval between the 
quarters of 𝑡50. For each cycle, the described procedure was repeated and the amount 
of water incorporated was determined by gravimetry. In order to keep the outer pores 
filled or partially filled with water, the excess water on the external surface after 
saturation was removed in a process of rolling the sample over an aluminum sheet. 
Figure E17 presents the data of the amount of water incorporated as a function of the 
experimental cycle for each carbonate outcrop. Invariably, the amount of water slightly 
increases with the dissolution cycles. 
For the group with a higher dissolution rate (DP, EDW and IND), a higher absorption of 
water was observed for the samples treated with HAc, probably due to formation of 
several pores on the surface, as discussed so far. For the other group (HPD, LPD and 
EDB), no considerable difference on the trends, depending on the acid, can be noted. 
Following, the distributions of relaxation times for the carbonate rocks, for the different 
dissolution cycles when using both acids will be presented. The remarkable cases, DP 
and EDW, were chosen to be presented in Figure 66 and, besides these two, EDB is also 
presented as an example of a carbonate outcrop that did not suffered severe variations 
due to the acid dissolution. The other carbonates were also investigated, and the 
distributions of relaxation time can be found in Appendix E in Figure E18. 
EDB samples are from the group of low reactivity. When reacting with HCl, it was 
reported a low reaction rate and, apparently, the outcrops only suffer a reduction in size 
radially. As a result, the relaxation time distribution does not present any considerable 
variations during the experimental cycles. When reacting with HAc, no considerable 
variations could be seen in any case. 
When EDW is treated with HCl, no considerable difference can be seen even at the 
fourth cycle, reinforcing the idea that the outcrops were radially affected. However, 
treating with HAc leads to the appearance of a second population at the region of higher 




increases after each cycle of acid dissolution. As can be seen in Figure 66, outer pores 
are being formed and enlarged on the surface of EDW samples, which explains the 
existence of this second population. 
 
 
Figure 66. Transverse relaxation time distribution (𝑇2) after progressive cycles of acid 
dissolution. On the left are presented the results obtained in HCl solution and on the 
right are presented the results obtained in HAc. From the top to the bottom, the 
carbonates presented are EDB, EDW and DP. 
 
At last, DP samples present a very interesting profile. Although a small shoulder in the 




is observed for both acids. Whether just Figure 66 is observed, it seems that DP behaves 
similarly to EDB samples. However, it worth to mention that besides its high reactivity 
(Figure 63), the surface of DP outcrops is very altered during the cycles of reaction 
(Figure 65). 
Regarding this difference in behavior of DP and EDW samples, when reacting with HAc, 
it could be explained by the disparity in their permeability (see Table 7), which is about 
100 times higher for DP in comparison to EDW. Hence, this could be an evidence that 
the HAc could penetrate deeper into the DP than it could be possible for EDW. However, 
this can be related only to the distribution of the pore size of each rock (which is narrow 
for DP). 
 
12.1.3. Micro-CT experiments 
 
To investigate whether is occurring variations in the inner pores or not, X-ray micro–
computed tomography was carried out. Images were obtained before the reaction and 
after a time which corresponds to half of 𝑡50. By these experiments, we intended to map 
the whole outcrops during the acid dissolution, better describing the variations that 
occur on the surface and inside the carbonate rocks. 
Figure 67 presents the heat maps and the distribution of distance between the treated 
surface and the original surface for EDB, EDW and DP samples. A similar scheme for the 
other carbonates can be found in Figure E19. This information was obtained through the 
images of micro-CT before and after the acid dissolution for each acid (see Figure E20). 
The heat maps in Figure 67 show how effective was the acid dissolution on the sample 
surfaces. The color scale ranges from blue, for regions where the surface did not suffer 
variations up to the red, for regions that suffered intense variations. As already 
discussed, outcrops treated with HCl are more likely to suffer intense acid dissolutions 
and this can be seen in Figure 67. However, when treated with HAc, the acid dissolution 
depends on the chemical composition of the carbonate. For EDB, which presents Mg in 
its composition, it barely reacts, and then no considerable variations can be noted. The 




Figure 66. For EDW, it is possible to notice a homogeneous dissolution for both HCl and 
HAc. Some specific points on the surface suffered more intense variations than other 
regions, creating and enlarging specific pores, as also discussed for the NMR data. For 
DP, although visually the samples seemed very different after treated with either HCl or 
HAc (regarding irregularities on the surface and coloration of the samples), no 
remarkable differences were observed when comparing samples throughout the 
dissolution cycles by using NMR and micro-CT. 
 
 
Figure 67. Heat map and points of distance between the treated surface and the original 
ones. On the left are presented data obtained treating the samples with HCl and on the 





Additionally, by using micro-CT, it was estimated the surface deformation due to the 
acid dissolution. For that, the volume and area of the surface were measured, and the 
respective radius values were calculated by using Eq. 45 and Eq. 46. Deformation 
parameter 𝑑 was also calculated using Eq. 47, which is shown in Table 8 
 
Table 8. Deformation parameter (𝑑) calculated for samples before and after the acid 
dissolution in HCl and HAc. 










HPD 0.16 0.26 0.20 0.21 
LPD 0.02 0.15 0.02 0.26 
EDB 0.02 0.10 0.01 0.12 
DP 0.12 0.14 0.06 0.27 
EDW 0.09 0.03 0.03 0.32 
IND 0.07 0.05 0.07 0.40 
 
It is possible to observe that parameter 𝑑, even before dissolution, is different from zero 
and this reflects the presence of outer pores on the surface. The difference observed for 
parameter 𝑑 before and after acidic dissolution is explained by the irregular surfaces 
created. Using the strongest acid HCl for dissolution, only the carbonates that showed 
greater reactivity (HPD, LPD and EDB) had an increase in the deformation parameter 𝑑, 
causing their surfaces to become more irregular. In the case of dissolution with the 
weaker organic acid HAc, an increase in surface deformation was observed for 
practically all carbonate plugs, especially those that did not have Mg in their 






12.2. Partial conclusions 
 
The reactivity between a carbonate rock and an acid solution depends on many factors, 
such as petrophysical features, chemical composition, as well as concentration and 
strength of the acids. It was not possible to establish a good correlation between 
petrophysical features (porosity and permeability) and acid dissolution rate. However, 
it was identified two different sample groups regarding the dissolution rate. One of them 
presented higher dissolution rates (DP, EDW and IND) and the other one presented 
lower dissolution rate (HDP, LPD and EDB). Additionally, the difference on the 
dissolution rates when using HCl or HAc solutions is very pronounced in the case of the 
second group. From these observations, we conclude that the high Mg content present 
in group 2 samples (obtained by X-ray fluorescence) is mandatory for the reactivity. 
The dissolution profiles obtained after the dissolution processes are different for each 
group and for each acid. When reacting with HCl, samples have their size decreased 
almost homogeneously and radially, regardless which group they come from. When 
reacting with HAc, group 1 samples present different patterns, where a very irregular 
surface is formed. This was explained by the difference in mechanism of reaction, which 
depends on the availability of H+ in solution. These different patterns were investigated 
by 1H-NMR and micro-CT, which showed good correlation. The static acid dissolution 
affects majorly the surface of the carbonate rocks. 1H-NMR and micro-CT demonstrate 
that, according to procedures employed, the dissolution occurs mainly on the surface of 





13. Evaluation of a new formulation 
based on viscoelastic surfactant for 
acid stimulation in carbonates 
 
All the rheological and flow results obtained for QuoVadis were collected in 
collaboration with students Renato Nunes de Souza and Matheus da Silva Barbosa. In 
this Chapter, I will present in a general way the progress of the different generations of 
QuoVadis, but a more detailed description for QuoVadis G2, will be addressed in the 
master's dissertation of Matheus da Silva Barbosa which is planned to be defended in 
the first half of 2021. So, I would like to thank Matheus da Silva da Barbosa for allowing 
me to use some of the rheological and flow results of QuoVadis G2 so that I could do 
this approach. 
Commercially available diverting acid fluids were studied in this Chapter to elaborate an 
easy, reproducible and reliable methodology. Although it was found very interesting 
profiles and results for the commercial diverting fluids, VES 1 and VES 2, they are not 
the main focus of this Chapter. The main idea is to study the feasibility to create an 
economically favorable fluid which can be versatile to attend different demands, 
regarding the different properties that can be relevant for a diverting acid solution. This 
goal justifies the existence of different QuoVadis generations (diverting acid fluid 
developed and characterized during the project), which can be easily manipulated to be 










13.1. Results and discussion 
 
13.1.1. Methodology for rheological characterization of diverting acid 
fluids 
 
VES fluids are based on surfactant aggregates and, since they are maintained by 
intermolecular interactions, variations in the environment can cause severe changes in 
the microstructure of the aggregates, leading to different rheological responses. In this 
sense, the wellbore properties, such as its composition, pressure, temperature, and a 
few parameters adopted for the matrix acidizing certainly influence on the diverting 
fluid responses. In order to standardize the experiments, minimize experimental errors 
and generate reproductible and reliable data, an experimental methodology was 
adopted. 
The increase of the carbonate permeabilities during the matrix acidizing process occurs 
due to interconnection of the inner pores caused by the reaction between the H+ ions 
of the fluid and the carbonate rocks. In this case, H+ reacts with the calcium carbonate, 
generating CO2, in which its solubility strongly depends on the pressure, calcium ions and 
water, as demonstrated in Eq. 52 [209]. 
 
 2 𝐻(𝑎𝑞)
+ + 𝐶𝑎𝐶𝑂3(𝑠) ⇌  𝐶𝑂2(𝑔) +  𝐶𝑎(𝑎𝑞)
2+ + 𝐻2𝑂(𝑙) Eq. 52 
 
Based on that, calcium carbonate should be used to elaborate an adequate 
methodology to study these acid fluids. However, the concentration of H+ in the 
diverting fluids are quite high leading to intense reaction, as described in Eq. 52. In this 
case, for each mol of CaCO3 consumed by the HCl, is formed a mol of CO2. In the 
reservoir, which is found a few kilometers under sea (for offshore reservoirs), the 
pressure may be high enough to keep the CO2 gas solubilized, whereas for the conditions 
adopted in the lab, an intense release of CO2 as a gas is almost inevitable during the 




interfacial activity of the surfactant molecules can form a very stable viscoelastic foam. 
Because of that, the rheology investigation would be compromised to this foam instead 
of the rheological property of the acid fluid itself. 
Some studies demonstrate that Ca2+ plays an important role for the rheological response 
of VES [210–213]; therefore, an alternative for the neutralization procedure was using 
Ca(OH)2 instead of CaCO3, as its neutralization reaction is demonstrated in Eq. 53. 
 
 2 𝐻(𝑎𝑞)
+ + 𝐶𝑎(𝑂𝐻)2(𝑠)  ⇌   𝐶𝑎(𝑎𝑞)
2+ + 2 𝐻2𝑂(𝑙) Eq. 53 
 
When comparing Eq. 52 and Eq. 53, two main differences can be noted. When reacting 
with Ca(OH)2 instead of CaCO3, no CO2 is formed and no gas is released during the 
process; also, 2 mols of water molecules is formed in products, whereas only one mol of 
water molecule is formed with CaCO3. When calculating the variation in volume due to 
the formation of the double of water molecules it leads to variation in the final 
concentration lower than 3 𝑣𝑜𝑙%, which is even less relevant than experimental errors 
of around 5%, for example. In addition, the quantity of Ca2+ ions formed in both 
reactions is the same, demonstrating that the ionic strength is approximately the same, 
which should not cause significantly difference on the results. Showed that, we conclude 
that working with Ca(OH)2 is more interesting for being easier and more reliable. To 
prove that this neutralization procedure is valid, rheological experiments were 
performed with samples neutralized with both CaCO3 and Ca(OH)2. The results are 
compared in Figure 68, where the flow curves for VES 1 submitted to a reaction with 
either CaCO3 or Ca(OH)2 is presented. In addition, the zero-shear viscosity as a function 
of the percentage of neutralization is also presented. 
Regardless what was used to spend the acid concentration in VES 1, a profile of non-
Newtonian fluid was obtained. Specifically, the flow curves presented in Figure 68 
correspond to pseudoplastic fluids, where the viscosity does not suffer any variation at 
low shear rate values and, then, decreases as function of the shear rate. The first region 
is commonly described as a Newtonian Plateau and the second as a shear thinning 




present in the fluid are no longer able to resist to the flow occurring an alignment to the 
shear field [23]. The point where occurs a transition of regions characterizes a critical 
shear rate. Interestingly, it is possible to be noted that the higher the viscosity of the 
solution, the lower the shear rate where this transition occurs, indication a relation 
between these two properties. This statement can be exemplified by comparing non-
neutralized VES 1 and the 60% neutralized (with CaCO3) VES 1, which present zero shear 
viscosities of 17 and 689 𝑚𝑃𝑎 𝑠, respectively, and present critical shear rate values of 
200 and 10 𝑠−1, approximately. 
WLM solutions are very well known for presenting pseudoplastic properties, and the 
increasing in viscosity is typically related with the formation of longer aggregates or even 
with the entanglement of the structures of the WLM. Apparently, when advancing in the 
percentage of neutralization, i.e. decreasing the H+ concentration and increasing the 
Ca2+ concentration, the formation of longer WLM is favored leading to a more viscous 
system. This behavior occurs up to certain limit, where, in this case, a phase separation 
occurs due to the neutralization procedure and the solution loses its viscosity, which is 







Figure 68. (A) Flow curves, presenting the viscosity as function of the shear rate for acid 
VES 1 neutralized with CaCO3 and (B) with Ca(OH)2. (C) Zero-shear viscosity as function 
acid neutralization with CaCO3 and Ca(OH)2. Experiments were performed at 25 °𝐶 and 
atmospheric pressure. Open symbols in (C) represent phase separation of the fluid in 
80% of neutralization both with CaCO3 and Ca(OH)2 and its viscosity value is only 
illustrative. 
More interesting than that, Figure 68C shows how similar are the zero shear viscosities 
(calculated by the slope of a stress versus shear rate graph [125,214] in the Newtonian 
region for VES 1 when reacted with either CaCO3 or Ca(OH)2). The curves presented are 




as discussed before the calcium hydroxide is way easier to work with, it was established 
that it will be used for further investigations. 
Another argument could be mentioned to question the validity of the proposed 
methodology. In the case of higher pressures, CO2 would possibly be a soluble product, 
so we decided to investigate what would be the influence of pressure on these 
rheological measurements. In addition to that, although liquid fluids are barely 
compressible, the pressure effect on responsive WLM still is an open subject. In this 
sense, Figure 69 shows a comparison of flow curves obtained for VES 1 60% neutralized 
with Ca(OH)2 using a pressurizing cell under atmospheric pressure and using the 
pressurizing cell under 35 𝑏𝑎𝑟 (pressurized with CO2 gas). 
 
 
Figure 69. Flow curves, viscosity as a function of the shear rate, for VES 1 60% 
neutralized at 25 °𝐶. CC41Ha and PZ38Ha means the cylindric concentric geometry and 
pressure cell (which can operate under pressure or not). Black and red circles were done 
under atmosphere pressure (open system) and the blue under 35 𝑏𝑎𝑟 of CO2. 
 
By observing Figure 69, it is possible to affirm two important features. First, the 
rheological data are very reproductible regardless the geometry used, although for 




ones for CC41Ha. Second, pressurizing VES 1 up to 35 𝑏𝑎𝑟 with CO2 does not lead to any 
considerable change in the rheological response. This is an evidence that the WLM 
structures present in VES 1 are not pressure responsive, at least under these conditions. 
On the other hand, when monitoring viscosity and pressure values as function of the 
time for a closed system that was pressurized with CO2 at 35 𝑏𝑎𝑟 and, then, had the gas 
flow interrupted, it was observed a drop in both properties. For a two hours interval it 
was observed a drop of 14% and 3% in viscosity and pressure, respectively. The drop in 
pressure as function of time indicates that the CO2 is being solubilized into the solution, 
which leads to a decrease in pH explained the variation in viscosity. The related 
information can be observed in Figure F1. 
Combining the results and discussions presented in this session, we assume that the 
methodology proposed to investigate diverting acid solutions by neutralizing with 
Ca(OH)2, instead of CaCO3, and under atmospheric pressure instead of higher pressures 
to simulate the wellbore conditions at mild conditions of pressure, is an adequate 
procedure, which will be adopted throughout the rest of the discussions. 
 
13.1.2. Rheological characterization 
 
Diverting phenomena in matrix acidizing is totally related to the rheological properties 
of the fluids used for this purpose; therefore, its characterization is relevant to design 
fluids that can respond accordingly. Zero-shear viscosity is suitable to characterize VES 
systems since its investigation allows to be understood which profile of behavior which 
fluid can adopt. However, due to high pumping pressures and small pores and pathways 
in which the fluid is submitted to, in the real scenario, diverting acid fluids are acting on 
the carbonate rocks under high shear rate values. This is the importance of the whole 
flow curves, where information about the apparent viscosity in any shear rate value can 
be obtained and compared among different systems. In this sense, Figure 70 presents a 
study carried out with VES 1 and VES 2, where the apparent viscosity obtained at the 
Newtonian region (zero-shear viscosity), at 10 𝑠−1 and 100 𝑠−1, as a function of the 




by the flow curves of each system, which can be found in the Appendix F, Figure F2 and 
Figure F3 for VES 1 and VES 2, respectively. 
 
 
Figure 70. Apparent viscosity as function of the neutralization percentage obtained at 
zero-shear, 10 and 100 𝑠−1, in this order from top to the bottom. Black and red circles 
are for VES 1 and 2, respectively. Open symbols represent the neutralization where the 
fluid phase separated, and their values are only illustrative. 
As shown in Figure 70, the increase in the shear rate decreases the apparent viscosity at 




of VES 2 (Figure F2), VES systems are pseudoplastic fluids. From a certain point is correct 
to say that the higher the shear rate, the lower the viscosity, explaining the difference 
among the apparent viscosity range in y axis of Figure 70. In addition, regardless the 
shear rate and the type of fluid, VES 1 or 2, a remarkable variation of the viscosity as 
function of the neutralization percentage is noted, which should be expected, once 
during the reaction the concentrations of H+ and Ca2+ is continuously changed and both 
species are known for being important triggers to WLM responses applied to diverting 
acid fluids [198,215,216]. The variations in rheological properties originates from the 
WLM structural variations; therefore, the presence of Ca2+ and the decrease in H+ 
concentration lead to a quick response of the WLM, and consequently, a variation in the 
viscosity. The possibility to has their properties tuned depending on the environment 
assures the WLM to be well applied for matrix acidizing and diverting phenomena 
[28,217]. For VES systems, these variations are typically related to an increase in contour 
length or other parameters, such as surface charge or aggregates composition of the 
WLM [218]. However, the profile obtained for both fluids are quite different, suggesting 
these two commercially available fluids are based on different mechanisms or operating 
proposals. 
Low viscosity values are noted for VES 1 at low neutralization percentage range, which 
is continuously increased when the reaction steps forward. Though it happens up to a 
certain point, where a maximum viscosity value is reached. Following, the viscosity 
slightly decreases and then a total drop occurs, in this case, caused by the phase 
separation. Regardless whether the phase separation is observed or not, the described 
profile is well known for diverting fluid, which is observed for the three shear rates 
evaluated. On the other hand, VES 2 surprisingly presented a whole different behavior. 
For this case, the initial viscosity is considerably high, reaching values of 160,000 𝑚𝑃𝑎 𝑠 
at zero-shear viscosity, whereas this values for VES 1 at the same condition is around 
20 𝑚𝑃𝑎 𝑠. More than that, differently from what was observed for VES 1, the viscosity 
for VES 2 just decreases as a function of the neutralization percentage. To be more 
precise, it goes through a maximum at 10 and 30% of neutralization for 10 and 100 𝑠−1, 
respectively, though the increase in viscosity is still irrelevant when compared to the 




may be adopted to promote diverting phenomena in matrix acidizing; however, based 
on these rheological information, it is not possible to point which fluid has a better 
performance in the wellbore, since complex considerations must be taken into account. 
However, a few implications of these profiles can be briefly discussed. Low initial 
viscosity is preferred when pumping the fluid, since it requires low energy to do so. Also, 
an expanded range of neutralization can be useful, i.e. depending on the kinetic of the 
reaction, reaching a higher neutralization percentage gives more time for the fluid to 
penetrates deeper into the carbonate rocks. These are characteristics noted for VES 1. 
For VES 2, the higher viscosity can be very efficient to block pathways, by changing the 
local permeability, and favoring the diverting process. 
As both commercially available fluids are often used in matrix acidizing, it was decided 
to formulate our own acid diverting solution, QuoVadis, which was designed to attend 
both strategies with its different generations. In this sense, Figure 71 shows the zero-
shear viscosity and the apparent viscosities at 10 and 100 𝑠−1 for the different 
generations of QuoVadis. 
First, it will be discussed the profiles observed at zero-shear viscosity, once the 
interpretation depends only on the systems investigated and is not related to flow 
effects. The differences and particularities observed for 10 and 100 𝑠−1 will be 
discussed next. As the first generation, QuoVadis G1 behaves similarly to that observed 
for VES 1. It presents low viscosity at the beginning, goes through a maximum and a drop 
in the viscosity is observed after that. The second generation present the same trend for 
the viscosity, although the reached values of viscosity are superior throughout the range 
of neutralization. In addition to that, G2 present a wider range of efficiency, since the 
drop in the viscosity is only observed for neutralizations higher than 80% (50% is 
observed for G1). The third generation is the more complex and interesting version of 
the QuoVadis, e.g. depending on its composition (represented by A, B and C) the fluid 
can perform similarly to VES 1 or similarly to VES 2. QuoVadis G3 A works in the same 
way as the VES 2, presenting a very high viscosity even prior to any neutralization 
procedure. The viscosity of pure fluid is the highest presented and it only decreases as a 
function of the advancing reaction. In addition, this formulation presented the phase 




which was 50%. However, changing its composition to B, it is obtained a fluid performing 
like a VES 1 or G1 and G2, but the viscosity is higher than the ones observed for the 
mentioned cases. G3 C also present the same trend, increasing the viscosity up to a 
maximum, although its initial viscosity is comparable to the viscosity of G2, which does 
not correspond to classical behavior of acid diverting fluids as they use to present low 
initial viscosity to be easily pumped into the wellbore. 
 
 
Figure 71. Apparent viscosity as function of the neutralization percentage obtained at 
zero-shear, 10 and 100 𝑠−1, in this order from top to the bottom for the different 
generations of the acid fluid QuoVadis. Black circles are for G1, red for G2, blue for G3 
A, green for G3 B and pink for G3 C. Open symbols represent the neutralization where 




When increasing the shear rate (10 and 100 𝑠−1) interesting points are evidenced. For 
example, G1, G2 and G3 C presented a second increase in its viscosity after passing 
through a maximum. It is already known that increasing the shear rate excessively, fluids 
goes from a steady flow region to a turbulent flow. In this case, an increasing in torque 
applied to keep the shear rate increasing is observed, and the rising viscosity in high 
shear is considered as artefact. This is the main reason, to investigate the rheological 
behavior for these systems up to 100 𝑠−1, as can be seen in Figure F2 up to Figure F5 in 
Appendix F, this effect occurs for some cases when shear rate is higher than 100 𝑠−1. In 
this sense, the increase in the viscosity observed in these results presented in Figure 71 
can be related to intrinsic characteristics of the fluid. 
Summarizing, QuoVadis formulations seem to be very relevant since their performance 
for diverting solutions can be tuned by changing their compositions, which makes the 
proposed fluid very versatile with powerful viscosity responses. 
 
13.1.3. Important features for diverting fluids 
 
It was shown so far that diverting systems can present different behaviors regarding 
their viscosity variation as a function of the neutralization percentage and shear rates. 
Due to these possibilities, we have developed a fluid to be applied to such purposes, the 
diverting system QuoVadis, which was already presented as well. Since diverting 
phenomenon depends on several parameters, such as carbonate rocks characteristics, 
the reaction rate between the acid and the matrix, viscosity of the fluid and its 
dependence to temperature, ionic strength, pressure and others, it can be very 
challenging to point an ideal diverting system. However, regarding the rheological 
properties, it is possible to identify five parameters that are very relevant for the matrix 
acidizing and the diverting phenomenon. These characteristics and their respective 
importance will be listed to further compare how these different profiles can directly 
affect the oil recovery process. It is worth to mention that QuoVadis and its different 





I) The viscosity of the pure acid fluid prior to any neutralization (𝜂0%). The lower the 
viscosity, the lesser is the energy required to pump the fluid into the wellbore. In 
addition to that, following the Darcy’s law (Eq. 54), the carbonate matrix, which is a 
porous media, is easily penetrated by less viscous fluids, reaching a significative portion 
of the reservoir. Thus, a low initial viscosity is important for the beginning of the process. 
II) Maximum viscosity (𝜂𝑚𝑎𝑥) and the neutralization value when it occurs. Also based on 
the Darcy’s law, it is predictable that viscous fluids should cause a decrease in local 
permeability, essentially causing the diverting phenomenon, thus the higher the 
maximum viscosity, the better for the process. However, it is important to control the 
neutralization range where it occurs. It is not adequate reaching a maximum viscosity at 
very low neutralization percentage, because the advance of the fluid into the carbonate 
porous media should not be promptly interrupted, neither it can occurs in very high 
neutralization percentage, because the excessive reaction could damage the wellbore 
surroundings. 
III) The increment in the viscosity (𝜂𝑚𝑎𝑥 𝜂0%)⁄ . Essentially, it is a relation between points 
I and II, though it is still a very relevant point to be discussed. Considering the increment 
in the viscosity as ratio between the maximum viscosity and the initial viscosity, it would 
be required a fluid with a very low 𝜂0% and very high 𝜂𝑚𝑎𝑥  in order to reach a great 
increment. As both properties are desired, the increment is good parameter to be 
pursued. For example, a fluid can present very low viscosity at the beginning, but 
whether its viscosity will be increased or not is crucial to its performance. Also, a fluid 
can be very viscous at the maxima, but whether its initial viscosity is very elevated the 
matrix acidizing procedure is compromised. 
IV) Efficiency range (𝐸𝑅), or the neutralization range where the fluid remains highly 
viscous. Once the fluid increases its viscosity promoting the diverting phenomenon, 
avoid a precipitated drop in the viscosity is important to extend the performance of the 
fluid, increasing the area affected by the stimulation process. For this parameter, it was 
obtained an average viscosity value for each diverting fluid and the efficiency range was 
determined for neutralization percentages that correspond to those viscosity values 




V) Neutralization percentage where the fluid presents the lowest viscosity or occurs the 
phase separation after neutralization. After the pathways had been created, the main 
intention is having the oil going through these wormholes to increase the oil/gas 
production. Therefore, it must occur a drop in the viscosity of the diverting fluid in order 
to increase the local permeability again, allow the oil recovery and, also, do not damage 
the reservoir. 
An illustrative profile for the variations of viscosity as a function of the neutralization 
percentage for an ideal fluid is presented in Figure F6. It is worth mentioning that the 
Figure is not based in any model, it only reflects the properties discussed above. These 
five listed points were extracted from the data presented so far for VES 1, VES 2, 
QuoVadis G1, G2, G3 A, G3 B and G3 C. They are presented in Appendix F by Table F1 up 
to Table F3, for zero-shear viscosity, 10 𝑠−1 and 100 𝑠−1, respectively. 
VES 1 is the diverting fluid with the lowest 𝜂0% followed by QuoVadis G1 and G2, which 
are fluids that presents a similar profile. The highest viscosity (𝜂𝑚𝑎𝑥) is reached by 
QuoVadis G3 and any other formulation of QuoVadis reaches higher values than the 
commercially available fluid. The increment in viscosity is more relevant for VES 1, 
however this is due to its very low initial viscosity. In this sense, QuoVadis G2 also 
presented a relevant increment in viscosity, though its 𝜂𝑚𝑎𝑥  is almost four times higher 
than 𝜂𝑚𝑎𝑥  found for VES 1. In addition to that, QuoVadis G2 also presented a broad 
efficiency range (from 30 up to 60%) and its viscosity only drops in very high percentage 
of neutralization (80%). Based on these trends, we conclude that QuoVadis G2 is the 
most suitable formulation to eventually be applied for matrix acidizing; therefore, it was 
decided to procedure the investigations with QuoVadis G2. 
 
13.1.4. Core-flooding experiments 
 
At last, as a proof of concept, core-flooding experiments were performed where 
QuoVadis G1, G2 and G3 C were pumped into carbonates and the pressure difference 
as function of the porous volume injected to keep the flow was monitored. The porous 




prior to the reactive flow. For that, it was used Indian Limestone outcrops presenting 
different petrophysical properties, as they can be found in Table 3. Results obtained by 
core flooding experiments can be found in Figure 72 and in Figure F8. It is worth 
mentioning that, although few graphs present low porous volume prior to the QuoVadis 
injection, the experiment were only performed after previous stabilization obtained 
when pumping a brine into the core. 
Since the experiments were performed with a constant flow rate (𝑞), the pressure 
differential (∇𝑃) varies mainly with the fluid viscosity and with the local permeability of 
the carbonate rock, as can be seen in Eq. 54 (Darcy’s law). 
 
 𝑞 =  − 
𝑘𝐴
𝜂𝐿
∇𝑃 Eq. 54 
 
Where 𝑘 is the carbonate permeability, 𝜂 is the viscosity of the pumped fluid, and 𝐴 and 
𝐿 the cross-sectional area and length of the carbonate plug. 
In this sense, profiles obtained in Figure 72 can be qualitatively discussed in terms of the 
viscosity and petrophysical variations during the process. Brine is firstly injected to 
saturate the carbonate plugs until the stabilization is reached. Regardless the generation 
of the QuoVadis fluid used for the experiment it is observed a remarkable increase in 
pressure differential right after the injection of the fluid, characterized by the transition 
from black line (brine) to red line (QuoVadis). Proceeding, a very noisy signal can be 
noted for every experiment performed. This pattern is observed up to the point where 
the pressure differential approaches the zero and, then, the brine is injected again but 





Figure 72. Pressure difference as function of the pore volume injected in core-flooding 
experiments. Top to bottom is presented results obtained for the injection of QuoVadis 
G1, G2 and G3 C. The plugs used for the experiments were 121, 125 and 321, respectively 
(petrophysical properties are found in Table 3). Black lines are for brine injection and 





The first increase can be related to the fact that the initial viscosity of the diverting fluid 
is considerable higher than the brine viscosity (see Figure 71 for QuoVadis 𝜂0) and the 
first steps of the reaction between the acid and the carbonate, which increases even 
more the viscosity of the pumped fluid. At this point, the fluid incorporates into the 
matrix, filling the pores, once filled with brine, and at the same time increasing the 
permeability due to the reaction. When step forwarding in the reaction, diverting 
phenomena start to occurs, which is evidenced by the noise signal mentioned before, 
and alternative pathways are formed adjacent to the main pathway of the wormhole. 
Finally, since the fluid is passing through the carbonate plug, there is a moment where 
the bottom of carbonate is reached and now, the fluid can easily be pumped, and 
differential pressure drops up to zero. In every case, it takes approximately 1.0 porous 
volume to the fluid pass through the plug. 
It is challenging to compare the performance of each fluid, since the carbonate rocks 
can be very heterogenous. For the experiments presented in Figure 72, samples used 
presented very similar porosities values; however, permeabilities were 275, 394 and 
98 𝑚𝐷 (see Table 3) for the fluids G1, G2 and G3 C, respectively. Therefore, it was 
performed similar experiments using several carbonate rocks (all samples were Indian 
Limestone and their properties are presented in Table 3) and three different QuoVadis 
generations (G1, G2 and G3 C), where it was obtained the maximum increase in 
differential pressure (𝑑𝑃𝑚𝑎𝑥 𝑑𝑃𝑖⁄ ) and their respective mean deviation. The core 
flooding results for these experiments can be found in Figure F8. The results obtained 
were 1.44 ± 0.54, 2.61 ± 0.66 and 2.85 ± 0.36 for G1, G2 and G3 C, respectively. The 
increase in pressure differential is relevant to indicate diverting ability potential and, in 
this case, G3 generation seems to be the most suitable fluid. 
After the experiment carried out with Indian Limestone 122 (see results in Figure F8), 
the carbonate plug were taken to obtain images of the wormhole formed due to the 
reaction between the carbonate and HCl present in QuoVadis G1 acid fluid. Figure 73 
present four images obtained by rotating the cylinder in its coaxial axis for each 90° of 






Figure 73. Wormhole formed in Indian Limestone plug (122) after core flooding 
experiments where QuoVadis G1 was injected. The four images correspond to the same 
cylinder, which was rotated in its own coaxial axis for each 90°. 
 
As can be seen in Figure 73, QuoVadis G1 is suitable to promote diverting phenomenon 
in carbonate rocks. The result obtained demonstrates the formation of dominant 
wormhole, where a main pathway is formed with limited diameter throughout the plug 
and smaller adjacent pathways were also formed.  
 
13.2. Partial conclusions 
 
The use of diverting acid fluids in the stimulation of carbonaceous wells brings numerous 
benefits to the stimulation process, enabling and increasing the return on the 
investment of enhanced oil recovery. In this work, a methodology was proposed to 




the effect of neutralizing the system with Ca(OH)2 and CaCO3 and the rheological 
response of the fluid with the CO2 pressurization, with the purpose of simulating an 
environment similar to that found in carbonaceous wells. The neutralization with 
Ca(OH)2, bypasses experimental limitations and sources of error, such as the formation 
of viscoelastic foam. It was possible to characterize rheological properties of the 
commercial VES, evaluating changes in the apparent viscosity of the fluid upon different 
percentage of neutralization. Such protocol was then used to investigate the rheological 
properties of a new diverting acid fluids, named QuoVadis. In a certain percentage of 
neutralization, QuoVadis showed pseudoplastic behavior, attributed to long micellar 
aggregates (wormlike micelles), triggered by pH changes. QuoVadis was then tested in 
core-flooding experiments and the results obtained have demonstrated the efficiency 
of QuoVadis to produce divergence, presenting high values of 𝑑𝑃𝑚𝑎𝑥 𝑑𝑃𝑖⁄ . The 
formation of a desirable wormhole, with a main channel and limited diameter with 
several lateral ramifications (vascularization) was obtained. Therefore, it can be 
concluded that all generations of QuoVadis have shown excellent rheological responses 







The addition of halogen atoms in the aromatic benzoate ring favors the formation of 
WLM with C14TAB and the favoring is directly associated with the substitution positions 
and the halogen atom used. The substitution position in ascending order of favoring is 
given by ortho < meta < para and, the larger the size of the halogen atom, the greater 
the favoring of WLM formation under the same conditions. In high concentration 
regimes, additional stress relaxation mechanisms, which imply in lower solution 
viscosity, were observed for 4-iodobenzoate, an organic salt with greater hydrophobicity 
within the investigated 4-halogenbenzoate series. 
Fluids containing quaternary amino surfactants with phthalic acid or 1,2-
dihydroxybenzene are responsive to pH changes and can modulate their viscosity 
according to the pH of the solution. In the investigated conditions, the change in pH by 
one unit was sufficient to observe a viscosity gain greater than 10-thousand times in 
some conditions. The addition of photoacid generator in the fluid containing 1,2-
dihydroxybenzene made the fluid also responsive to UV light and a viscosity gain of more 
than one thousand times was observed by irradiating the sample for 300 𝑚𝑖𝑛 of UV and 
using EHAC surfactant. 
In the process of acid stimulation in oil producing wells, several parameters are 
important to have an excellent stimulation step and one of them is the reactivity of the 
acid fluid used with the reservoir rock. Among the investigated carbonates, hydrochloric 
acid showed greater reactivity than acetic acid and the rate of reactivity and the acid 
dissolution pattern of the rock surface depends on the petrophysical, elementary and 
crystallographic nature of the carbonate. Rocks that contained magnesium in their 
compositions significantly reduced the reaction rate, especially in cases with HAc. 
Finally, the rheological and flow properties of diverting acidic fluids were investigated 
and a divergent acidic fluid named QuoVadis was developed, which presented the 
necessary rheological and flow properties for a divergent acidic fluid. Currently in its 
third generation, the fluid has three formulation options that are G3 A, B and C, which 
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Appendix A  Probing the formation of 
wormlike micelles formed by 
cationic surfactant with 
chlorobenzoate derivatives 
 
Table A1. pKa of the different chlorobenzoic acids studied. Values for the 2-
chlorobenzoic acid, 3-chlorobenzoic acid and 3,4-dichlorobenzoic acid were obtained 
from reference [219]. 
Compound pKa 
2,6-dichlorobenzoic acid 1.82 
2,3-dichlorobenzoic acid 2.41 
2,4-dichlorobenzoic acid 2.76 
2-chlorobenzoic acid 2.92 
3,4-dichlorobenzoic acid 3.64 
3-chlorobenzoic acid 3.8 
4-chlorobenzoic acid 4.05 














Table A2. Values of diffusion delay (Δ) and diffusion-encoding gradient pulse width (𝛿) 
used for self-diffusion measurement specified for each solution of different 
[C14TAB]/[4Cl] ratio. 
[𝐶14𝑇𝐴𝐵]/[4 − 𝐶ℎ𝑙𝑜𝑟𝑜𝑏𝑒𝑛𝑧𝑜𝑎𝑡𝑒] Δ / 𝑚𝑠 𝛿 / 𝜇𝑠 
0.20 120 1400 
0.40 120 1400 
0.60 100 1600 
0.70 120 1600 
0.80 100 1800 
0.90 120 1800 
1.00 120 2000 
1.20 120 2000 
1.40 120 2300 
1.60 120 2200 
1.80 120 2300 
2.00 120 2400 
 
 
Figure A1. Differential electric power in 𝜇𝑊 as function of time for the titration of C14TAB 






Figure A2. Differential electric power in 𝜇𝑊 as function of time for two titrations of 
C14TAB 10.0 𝑚𝑚𝑜𝑙 𝐿−1 in a reaction cell containing sodium benzoate 1.40 𝑚𝑚𝑜𝑙 𝐿−1, 
both solutions at pH 10.0 ± 0.1. 
 
 
Figure A3. Differential electric power in 𝜇𝑊 as function of time for the titration of C14TAB 
10.0 𝑚𝑚𝑜𝑙 𝐿−1 in a reaction cell containing 2-chlorobenzoate 1.40 𝑚𝑚𝑜𝑙 𝐿−1, both 






Figure A4. Differential electric power in 𝜇𝑊 as function of time for two titrations of 
C14TAB 10.0 𝑚𝑚𝑜𝑙 𝐿−1 in a reaction cell containing 3-chlorobenzoate 1.40 𝑚𝑚𝑜𝑙 𝐿−1, 
both solutions at pH 10.0 ± 0.1. 
 
 
Figure A5. Differential electric power in 𝜇𝑊 as function of time for two titrations of 
C14TAB 10.0 𝑚𝑚𝑜𝑙 𝐿−1 in a reaction cell containing 4-chlorobenzoate 1.40 𝑚𝑚𝑜𝑙 𝐿−1, 






Figure A6. Differential electric power in 𝜇𝑊 as function of time for two titrations of 
C14TAB 10.0 𝑚𝑚𝑜𝑙 𝐿−1 in a reaction cell containing 2,6-dichlorobenzoate 
1.40 𝑚𝑚𝑜𝑙 𝐿−1, both solutions at pH 10.0 ± 0.1. 
 
 
Figure A7. Differential electric power in 𝜇𝑊 as function of time for two titrations of 
C14TAB 10.0 𝑚𝑚𝑜𝑙 𝐿−1 in a reaction cell containing 2,3-dichlorobenzoate 






Figure A8. Differential electric power in 𝜇𝑊 as function of time for two titrations of 
C14TAB 10.0 𝑚𝑚𝑜𝑙 𝐿−1 in a reaction cell containing 2,4-dichlorobenzoate 
1.40 𝑚𝑚𝑜𝑙 𝐿−1, both solutions at pH 10.0 ± 0.1. 
 
 
Figure A9. Differential electric power in 𝜇𝑊 as function of time for two titrations of 
C14TAB 10.0 𝑚𝑚𝑜𝑙 𝐿−1 in a reaction cell containing 3,4-dichlorobenzoate 






Figure A10. Differential electric power in 𝜇𝑊 as function of time for two titrations of 




Figure A11. Differential electric power in 𝜇𝑊 as function of time for two titrations of 
C14TAB 40.0 𝑚𝑚𝑜𝑙 𝐿−1 in a reaction cell containing sodium benzoate 1.40 𝑚𝑚𝑜𝑙 𝐿−1, 






Figure A12. Differential electric power in 𝜇𝑊 as function of time for two titrations of 
C14TAB 40.0 𝑚𝑚𝑜𝑙 𝐿−1 in a reaction cell containing 2-chlorobenzoate 1.40 𝑚𝑚𝑜𝑙 𝐿−1, 
both solutions at pH 10.0 ± 0.1. 
 
 
Figure A13. Differential electric power in 𝜇𝑊 as function of time for two titrations of 
C14TAB 40.0 𝑚𝑚𝑜𝑙 𝐿−1 in a reaction cell containing 3-chlorobenzoate 1.40 𝑚𝑚𝑜𝑙 𝐿−1, 






Figure A14. Differential electric power in 𝜇𝑊 as function of time for two titrations of 
C14TAB 40.0 𝑚𝑚𝑜𝑙 𝐿−1 in a reaction cell containing 4-chlorobenzoate 1.40 𝑚𝑚𝑜𝑙 𝐿−1, 
both solutions at pH 10.0 ± 0.1. 
 
 
Figure A15. Differential electric power in 𝜇𝑊 as function of time for two titrations of 
C14TAB 40.0 𝑚𝑚𝑜𝑙 𝐿−1 in a reaction cell containing 2,6-dichlorobenzoate 






Figure A16. Differential electric power in 𝜇𝑊 as function of time for two titrations of 
C14TAB 40.0 𝑚𝑚𝑜𝑙 𝐿−1 in a reaction cell containing 2,3-dichlorobenzoate 
1.40 𝑚𝑚𝑜𝑙 𝐿−1, both solutions at pH 10.0 ± 0.1. 
 
 
Figure A17. Differential electric power in 𝜇𝑊 as function of time for two titrations of 
C14TAB 40.0 𝑚𝑚𝑜𝑙 𝐿−1 in a reaction cell containing 2,4-dichlorobenzoate 






Figure A18. Differential electric power in 𝜇𝑊 as function of time for two titrations of 
C14TAB 40.0 𝑚𝑚𝑜𝑙 𝐿−1 in a reaction cell containing 3,4-dichlorobenzoate 
1.40 𝑚𝑚𝑜𝑙 𝐿−1, both solutions at pH 10.0 ± 0.1. 
 
 
Figure A19. Flow curve for the solutions containing C14TAB and 2,4-dichlorobenzoate 5𝑥 
at 25 °𝐶 and pH 10 ± 0.1. The numbers in the legend represents the ratio [C14TAB]/[salt] 






Figure A20. Flow curve for the solutions containing C14TAB and 3-chlorobenzoate 5𝑥 at 
25 °𝐶 and pH 10 ± 0.1. The numbers in the legend represents the ratio [C14TAB]/[salt] 
fixing the salt concentration at 1.4 𝑚𝑚𝑜𝑙 𝐿−1. 
 
 
Figure A21. Flow curve for the solutions containing C14TAB and 4-chlorobenzoate 5𝑥 at 
25 °𝐶 and pH 10 ± 0.1. The numbers in the legend represents the ratio [C14TAB]/[salt] 






Figure A22. Flow curve for the solutions containing C14TAB and 3,4-dichlorobenzoate 2𝑥 
at 25 °𝐶 and pH 10 ± 0.1. The numbers in the legend represents the ratio [C14TAB]/[salt] 
fixing the salt concentration at 1.4 𝑚𝑚𝑜𝑙 𝐿−1. 
 
 
Figure A23. Flow curve for the solutions containing C14TAB and 3,4-dichlorobenzoate 5𝑥 
at 25 °𝐶 and pH 10 ± 0.1. The numbers in the legend represents the ratio [C14TAB]/[salt] 






Figure A24. Enthalpy in kJ per mol of C14TAB as a function of the [C14TAB]/[salt] ratio in 
the reaction cell. 1.40 𝑚𝑚𝑜𝑙 𝐿−1 of salt was fixed in the reaction cell and (A, B) 
10.0 𝑚𝑚𝑜𝑙 𝐿−1 or (C, D) 40.0 𝑚𝑚𝑜𝑙 𝐿−1 of C14TAB in the syringe. In (A) and (C) are 
shown the salts without and with one substitution in the aromatic ring and in (B) and (D) 
with two substitutions. 4H refers to sodium benzoate and the others to chlorobenzoates 
where the numbers refer to the substitution position of the chlorine atom in the 
aromatic ring. Values have been obtained from at least duplicated and the lines are only 






Figure A25. (A) Correlation function and hydrodynamic radius distribution for the 
solution containing 4Cl and C14TAB with [𝐶14𝑇𝐴𝐵]/[4𝐶𝑙] = 0.2. (B) hydrodynamic 






Figure A26. Variation of enthalpy, viscosity of the solutions, and the apparent 
hydrodynamic radius, as function of the ratio [C14TAB]/[2,4Cl]. Each property is indicated 
by an arrow in the graph and the axis is in the same color of the curve. The temperature 
was maintained at 25 °𝐶. The values were obtained from at least a duplicate and the 










Figure A27. Variation of enthalpy, viscosity of the solutions, and the apparent 
hydrodynamic radius, as function of the ratio [C14TAB]/[3Cl]. Each property is indicated 
by an arrow in the graph and the axis is in the same color of the curve. The temperature 
was maintained at 25 °𝐶. The values were obtained from at least a duplicate and the 
curves are only guide for the eyes. 
 
 
Figure A28. Variation of enthalpy and viscosity of the solutionsas function of the ratio 
[C14TAB]/[3,4Cl]. Each property is indicated by an arrow in the graph and the axis is in 
the same color of the curve. The temperature was maintained at 25 °𝐶. The values were 




Appendix B  Role of F, Cl, Br and I in 
the wormlike micelle formation 
when combining C14TAB with 4-
halogenbenzoates 
 
Table B1. Values of diffusion-encoding gradient pulse width (𝛿) and diffusion delay (Δ) 
used for DOSY experiments for each [C14TAB]/[4-fluorobenzoate] ratio. 
[𝐶14𝑇𝐴𝐵]/[4F] Δ / 𝑚𝑠 𝛿 / 𝜇𝑠 
0.0 1,000 150 
0.2 1,000 180 
0.4 1,000 185 
0.6 1,100 200 
0.8 1,200 200 
1.0 1,200 200 
1.2 1,200 200 
1.4 1,200 200 
1.6 1,400 200 
1.8 1,400 200 
2.0 1,400 200 
2.2 1,400 200 
2.4 1,400 200 
2.6 1,400 200 





Table B2. Values of diffusion-encoding gradient pulse width (𝛿) and diffusion delay (Δ) 
used for DOSY experiments for each [C14TAB]/[4-chlorobenzoate] ratio. The 4-
chlorobenzoate and C14TAB self-diffusion were obtained in different set of parameters 
depending on the concentration. 
 4Cl self-diffusion 𝐶14𝑇𝐴𝐵 self-diffusion 
[𝐶14𝑇𝐴𝐵]/[4Cl] Δ / 𝑚𝑠 𝛿 / 𝜇𝑠 Δ / 𝑚𝑠 𝛿 / 𝜇𝑠 
0.0 1,000 120   
0.2 1,000 200 1,600 200 
0.4 1,000 200 1,700 200 
0.6 1,100 200 2,100 200 
0.8 1,300 200 2,200 200 
1.0 1,300 200 2,200 200 
1.2 1,300 200 2,200 200 
1.4 1,800 200 1,800 200 
1.6 1,800 200 1,800 200 
1.8 1,800 200 1,800 200 
2.0 1,800 200 1,800 200 
2.2 1,800 200 1,800 200 
2.4 1,800 200 1,800 200 
 
Table B3. Values of diffusion-encoding gradient pulse width (𝛿) and diffusion delay (Δ) 
used for DOSY experiments for each [C14TAB]/[4-bromobenzoate] ratio. The 4-
bromobenzoate and C14TAB self-diffusion were obtained in different set of parameters 
depending on the concentration. 
 4Br self-diffusion 𝐶14𝑇𝐴𝐵 self-diffusion 
[𝐶14𝑇𝐴𝐵]/[4Br] Δ / 𝑚𝑠 𝛿 / 𝜇𝑠 Δ / 𝑚𝑠 𝛿 / 𝜇𝑠 
0.0 1,000 120   
0.2 1,000 200 1,800 200 
0.4 1,000 200 2,100 200 
0.6 1,100 200 2,400 210 
0.8 1,200 200 2,200 200 
1.0 1,300 200 2,300 200 
1.2 1,400 200 2,300 200 
1.4 1,800 220 2,400 210 
1.6 1,900 200 1,900 200 
1.8 1,900 200 1,900 200 





Table S4. Values of blot time, blot force, blot wait, blot total and drain time on the 
sample preparation for the cryo-TEM analysis for each sample. 
Sample Blot time / s Blot force Blot wait / s Blot total Drain Time / s 
4F 3.0 -5.0 0 1.0 0 
4Cl 2.5 -5.0 10.0 1.0 30.0 
4Br 2.0 -5.0 20.0 1.0 30.0 
4I 2.5 -5.0 0.0 2.0 30.0 
 
 
Figure B1. Differential electric power in 𝜇𝑊 as function of time for two titrations of 
C14TAB 10.0 𝑚𝑚𝑜𝑙 𝐿−1 in a reaction cell containing 4-fluorobenzoate 1.40 𝑚𝑚𝑜𝑙 𝐿−1, 
both solutions at pH 10.0 ± 0.1. 
 
 
Figure B2. Differential electric power in 𝜇𝑊 as function of time for two titrations of 
C14TAB 10.0 𝑚𝑚𝑜𝑙 𝐿−1 in a reaction cell containing 4-bromobenzoate 1.40 𝑚𝑚𝑜𝑙 𝐿−1, 






Figure B3. Differential electric power in 𝜇𝑊 as function of time for two titrations of 
C14TAB 10.0 𝑚𝑚𝑜𝑙 𝐿−1 in a reaction cell containing 4-iodobenzoate 1.40 𝑚𝑚𝑜𝑙 𝐿−1, 
both solutions at pH 10.0 ± 0.1. 
 
 
Figure B4. Differential electric power in 𝜇𝑊 as function of time for two titrations of 
C14TAB 40.0 𝑚𝑚𝑜𝑙 𝐿−1 in a reaction cell containing 4-fluorobenzoate 1.40 𝑚𝑚𝑜𝑙 𝐿−1, 






Figure B5. Differential electric power in 𝜇𝑊 as function of time for two titrations of 
C14TAB 40.0 𝑚𝑚𝑜𝑙 𝐿−1 in a reaction cell containing 4-bromobenzoate 1.40 𝑚𝑚𝑜𝑙 𝐿−1, 
both solutions at pH 10.0 ± 0.1. 
 
 
Figure B6. Differential electric power in 𝜇𝑊 as function of time for two titrations of 
C14TAB 40.0 𝑚𝑚𝑜𝑙 𝐿−1 in a reaction cell containing 4-iodobenzoate 1.40 𝑚𝑚𝑜𝑙 𝐿−1, 






Figure B7. Variation of enthalpy per mol of injectant (C14TAB) as function of C14TAB 
concentration at 298 𝐾 using a 40.0 𝑚𝑚𝑜𝑙 𝐿−1 C14TAB as titrant solution. The red 
dashed line represents the critical micelle concentration, concentration where unimers 
in solution aggregates to form the spherical micelles, and how the enthalpy of 
micellization is calculated. 
 
 
Figure B8. Enthalpy as function of the C14TAB titrated for 4Cl highlighting the three 
regions of the thermogram. (I) Breakage of the spherical micelle when the C14TAB is 
titrated and only unimers is expected in the reaction cell; (II) formation and growth of 
the wormlike micelles; (III) Shrinkage of the WLM up to the point where only spherical 
micelle is expected in the reaction cell with the titration of further C14TAB. [4𝐶𝑙] =






Figure B9. Enthalpy, Δ𝐻𝑚
𝑜 , viscosity, 𝜂, apparent hydrodynamic radius, 𝑅𝐻, and 
percentage of 4-bromobenzoate incorporated as function of the [𝐶14𝑇𝐴𝐵]/[4 −
𝑏𝑟𝑜𝑚𝑜𝑏𝑒𝑛𝑧𝑜𝑎𝑡𝑒] ratio. Each curve is indicated by an arrow which specifies the property 







Figure B10. Enthalpy, Δ𝐻𝑚
𝑜 , viscosity, 𝜂, and apparent hydrodynamic radius, 𝑅𝐻, as 
function of the [𝐶14𝑇𝐴𝐵]/[4 − 𝑖𝑜𝑑𝑜𝑏𝑒𝑛𝑧𝑜𝑎𝑡𝑒] ratio. Each curve is indicated by an 
arrow which specifies the property and the lines are only guide for the eyes. The average 
values were obtained from at least a duplicate. 
 
 
Figure B11. Count of aggregates as function of the aggregate diameter for 






Figure B12. Chemical shift difference in ppm as function of the [𝐶14𝑇𝐴𝐵]/[4 −
𝐻𝑎𝑙𝑜𝑔𝑒𝑛𝑏𝑒𝑛𝑧𝑜𝑎𝑡𝑒] ratio. The [𝐶14𝑇𝐴𝐵] and [4 − ℎ𝑎𝑙𝑜𝑔𝑒𝑛𝑏𝑒𝑛𝑧𝑜𝑎𝑡𝑒] were increased 
2 times in relation to the calorimetric experiments. Aromatic hydrogens nearby the 
carboxyl group are indicated by continuous line and the aromatic hydrogens nearby the 






Figure B13. Flow curves of the solutions containing C14TAB and 4-halogenbenzoate. The 
4-halogenbenzoate of each graph is indicated at the up-right corner. The legend in each 
graph indicates the [4-halogenbenzoate]/[C14TAB] ratio. [C14TAB] concentration was 






Figure B14. Mechanical frequency sweep for the solutions of 4-chlorobenzoate. Filled 
symbols refers to the 𝐺′ and open symbols to the 𝐺". The legend refers to the ratio [4-
chlorobenzoate]/[C14TAB]. The average values were obtained from at least a duplicate. 
[C14TAB] was fixed at 60.0 𝑚𝑚𝑜𝑙 𝐿−1. 
 
 
Figure B15. Mechanical frequency sweep for the solutions of 4-bromobenzoate. Filled 
symbols refers to the 𝐺′ and open symbols to the 𝐺". The legend refers to the ratio [4-
bromobenzoate]/[C14TAB]. The average values were obtained from at least a duplicate. 





Figure B16. Cole-Cole plot for the solutions of 4-chlorobenzoate. The legend refers to 
the ratio [4-halogenbenzoate]/[C14TAB]. The average values were obtained from at least 
a duplicate. [C14TAB] was fixed at 60.0 𝑚𝑚𝑜𝑙 𝐿−1. 
 
 
Figure B17. Cole-Cole plot for the solutions of 4-bromobenzoate. The legend refers to 
the ratio [4-halogenbenzoate]/[C14TAB]. The average values were obtained from at least 





Appendix C  Light-Triggered 
Rheological Changes in a System of 
Cationic Wormlike Micelles 




Figure C1. UV spectra of (A) DHB and (B) PAG aqueous solution at 𝑝𝐻 7.0. PAG spectra 






Figure C2. Zero-shear viscosity in Pa s as function of solution pH without irradiation 
considering the initial and final scenario of irradiation and the influence of each 
photolysis products in the solution viscosity. The lines are only guide for the eyes. 
[𝐶𝑇𝐴𝐵] = [𝐷𝐻𝐵] = 50 𝑚𝑚𝑜𝑙 𝐿−1 and [𝐼𝐵] = [𝐵𝐴] = 10 𝑚𝑚𝑜𝑙 𝐿−1 and the average 
values were obtained from at least a duplicate. 
 
 
Figure C3. Apparent viscosity as function of shear rate for the solution containing 
CTAB/DHB in different pH. [𝐶𝑇𝐴𝐵] = [𝐷𝐻𝐵] = 50.0 𝑚𝑚𝑜𝑙 𝐿−1. Values were obtained 






Figure C4. Apparent viscosity as function of shear rate for the solution containing 
CTAB/DHB/BA in different pH. [𝐶𝑇𝐴𝐵] = [𝐷𝐻𝐵] = 50.0 𝑚𝑚𝑜𝑙 𝐿−1, [𝐵𝐴] =




Figure C5. Apparent viscosity as function of shear rate for the solution containing 
CTAB/DHB/IB in different pH. [𝐶𝑇𝐴𝐵] = [𝐷𝐻𝐵] = 50.0 𝑚𝑚𝑜𝑙 𝐿−1, [𝐼𝐵] =






Figure C6. Apparent viscosity as function of shear rate for the solution containing 
CTAB/DHB/BA/IB in different pH. [𝐶𝑇𝐴𝐵] = [𝐷𝐻𝐵] = 50.0 𝑚𝑚𝑜𝑙 𝐿−1, [𝐵𝐴] = [𝐼𝐵] =




Figure C7. Apparent viscosity as function of shear rate for the solution containing 
CTAB/DHB/PAG in different pH. [𝐶𝑇𝐴𝐵] = [𝐷𝐻𝐵] = 50.0 𝑚𝑚𝑜𝑙 𝐿−1, [𝑃𝐴𝐺] =






Figure C8. Influence of the PAG in the solution viscosity of CTAB/DHB in different 
pHs. [𝐶𝑇𝐴𝐵] = [𝐷𝐻𝐵] = 50 𝑚𝑚𝑜𝑙 𝐿−1 and [𝑃𝐴𝐺] = 10 𝑚𝑚𝑜𝑙 𝐿−1. The lines are only 
guide for the eyes and the values were obtained from at least a duplicate. 
 
 
Figure C9. Zero-shear viscosity of the solution containing CTAB or EHAC, DHB and PAG 
as function of pH and UV irradiation time. [𝐶𝑇𝐴𝐵] = [𝐸𝐻𝐴𝐶] = [𝐷𝐻𝐵] =
50 𝑚𝑚𝑜𝑙 𝐿−1. [𝑃𝐴𝐺]𝑜 = 10 𝑚𝑚𝑜𝑙 𝐿
−1 for CTAB solutions and [𝑃𝐴𝐺]0 = 15 𝑚𝑚𝑜𝑙 𝐿
−1 






Figure C10. Changes on the solution appearance before and after UV irradiation. The 
solution contains CTAB or EHAC, DHB and PAG with initial pH 7.0 ± 0.1. [𝐶𝑇𝐴𝐵] =
[𝐸𝐻𝐴𝐶] = [𝐷𝐻𝐵] = 50 𝑚𝑚𝑜𝑙 𝐿−1. [𝑃𝐴𝐺]𝑜 = 10 𝑚𝑚𝑜𝑙 𝐿
−1 for CTAB and [𝑃𝐴𝐺]𝑜 =
15 𝑚𝑚𝑜𝑙 𝐿−1 for EHAC. 
 
 
Figure C11. Changes on the solution appearance after shinning UV light with different 
times. The solution contains EHAC, DHB and PAG with initial pH 7.0 ± 0.1. [𝐸𝐻𝐴𝐶] =
[𝐷𝐻𝐵] = 50 𝑚𝑚𝑜𝑙 𝐿−1 and [𝑃𝐴𝐺]𝑜 = 15 𝑚𝑚𝑜𝑙 𝐿
−1. The decrease in the volume of the 







Figure C12. Cole-Cole plot for the solutions containing CTAB + DHB (red circles) and CTAB 
+ DHB + PAG (blue circles) at 𝑝𝐻 9.0 without UV irradiation. The continuous black line is 
the result expected for a Maxwellian fluid. [𝐶𝑇𝐴𝐵] = [𝐷𝐻𝐵] = 50 𝑚𝑚𝑜𝑙 𝐿−1 and 
[𝑃𝐴𝐺] = 10 𝑚𝑚𝑜𝑙 𝐿−1. 
 
 
Figure C13. Elastic (G, filled symbols) and viscous (G, empty symbols) moduli as 
functions of frequency for a solution containing EHAC, DHB and PAG before (black 
symbols) and after (red symbols) UV irradiation for 2 ℎ. The initial and final pH were 7.5 




Appendix D  Behavior of pH-
responsive wormlike micelles in the 




Figure D1. Differential electric power in 𝜇𝑊 as function of time for two titrations of 
C14TAB 40.0 𝑚𝑚𝑜𝑙 𝐿−1 in a reaction cell containing phthalic acid 5.0 𝑚𝑚𝑜𝑙 𝐿−1 at pH 
2.0 ± 0.1. 
 
 
Figure D2. Differential electric power in 𝜇𝑊 as function of time for two titrations of 
C14TAB 40.0 𝑚𝑚𝑜𝑙 𝐿−1 in a reaction cell containing phthalic acid 5.0 𝑚𝑚𝑜𝑙 𝐿−1 at pH 






Figure D3. Differential electric power in 𝜇𝑊 as function of time for two titrations of 
C14TAB 40.0 𝑚𝑚𝑜𝑙 𝐿−1 in a reaction cell containing phthalic acid 5.0 𝑚𝑚𝑜𝑙 𝐿−1 at pH 
4.0 ± 0.1. 
 
 
Figure D4. Differential electric power in 𝜇𝑊 as function of time for two titrations of 
C14TAB 40.0 𝑚𝑚𝑜𝑙 𝐿−1 in a reaction cell containing phthalic acid 5.0 𝑚𝑚𝑜𝑙 𝐿−1 at pH 






Figure D5. Differential electric power in 𝜇𝑊 as function of time for two titrations of 
C14TAB 40.0 𝑚𝑚𝑜𝑙 𝐿−1 in a reaction cell containing phthalic acid 5.0 𝑚𝑚𝑜𝑙 𝐿−1 at pH 
6.0 ± 0.1. 
 
 
Figure D6. Differential electric power in 𝜇𝑊 as function of time for two titrations of 
C14TAB 40.0 𝑚𝑚𝑜𝑙 𝐿−1 in a reaction cell containing phthalic acid 5.0 𝑚𝑚𝑜𝑙 𝐿−1 at pH 






Figure D7. Differential electric power in 𝜇𝑊 as function of time for two titrations of 
C14TAB 40.0 𝑚𝑚𝑜𝑙 𝐿−1 in a reaction cell containing phthalic acid 5.0 𝑚𝑚𝑜𝑙 𝐿−1 at pH 
8.0 ± 0.1. 
 
 
Figure D8. Differential electric power in 𝜇𝑊 as function of time for two titrations of 
C14TAB 40.0 𝑚𝑚𝑜𝑙 𝐿−1 in a reaction cell containing phthalic acid 5.0 𝑚𝑚𝑜𝑙 𝐿−1 at pH 






Figure D9. Flow curves for the solutions containing phthalic acid and C16TAB in different 
proportions fixing [𝐶16𝑇𝐴𝐵] = 100.0 𝑚𝑚𝑜𝑙 𝐿
−1 in different solution pH. The lines are 






Figure D10. Flow curves for the solutions containing phthalic acid and C16TAB in different 
proportions fixing [𝐶16𝑇𝐴𝐵] = 100.0 𝑚𝑚𝑜𝑙 𝐿
−1 in different solution pH. The lines are 





Figure D11. Phase diagram for the solution containing phthalic acid and C16TAB in 









Figure D12. Contour map showing the influence of the [PA]/[C16TAB] ratio and the 
solution pH for the solution viscosity. The [C16TAB] was fixed at 100.0 𝑚𝑚𝑜𝑙 𝐿−1 and the 
values were obtained from at least a duplicate. 
 
 
Figure D13. Zero-shear viscosity as function of the solution pH for [PA]/[C16TAB] = 0.5 
with [𝐶16𝑇𝐴𝐵] = 100.0 𝑚𝑚𝑜𝑙 𝐿
−1 and 50.0 𝑚𝑚𝑜𝑙 𝐿−1. The lines are only guide for the 






Figure D14. Flow curves for the solutions containing phthalic acid and C16TAB in different 
solution pH fixing [𝐶16𝑇𝐴𝐵] = 50.0 𝑚𝑚𝑜𝑙 𝐿
−1. The lines are only guide for the eyes and 
the values were obtained from at least a duplicate. 
 
 
Figure D15. CRYO-TEM image of the solution containing [𝑃𝐴]/[𝐶16𝑇𝐴𝐵] = 0.5 with 
[𝐶16𝑇𝐴𝐵] = 20.0 𝑚𝑚𝑜𝑙 𝐿






Figure D16. Diameter distribution of the micelle visualized in CRYO-TEM image of the 
solution containing [𝑃𝐴]/[𝐶16𝑇𝐴𝐵] = 0.5 with [𝐶16𝑇𝐴𝐵] = 20.0 𝑚𝑚𝑜𝑙 𝐿
−1 in 𝑝𝐻 1. 
100 micelles were counted. 
 
 
Figure D17. CRYO-TEM image of the solution containing [𝑃𝐴]/[𝐶16𝑇𝐴𝐵] = 0.5 with 
[𝐶16𝑇𝐴𝐵] = 20.0 𝑚𝑚𝑜𝑙 𝐿






Figure D18. Diameter distribution of the micelle visualized in CRYO-TEM image of the 
solution containing [𝑃𝐴]/[𝐶16𝑇𝐴𝐵] = 0.5 with [𝐶16𝑇𝐴𝐵] = 20.0 𝑚𝑚𝑜𝑙 𝐿
−1 in 𝑝𝐻 7. 







Figure D19. Flow curves for the solutions containing [PA]/[C16TAB], with [𝐶16𝑇𝐴𝐵] =
100.0 𝑚𝑚𝑜𝑙 𝐿−1 and different concentration of hexanol and solution pH. The lines are 






Figure D20. Flow curves for the solutions containing [PA]/[C16TAB], with [𝐶16𝑇𝐴𝐵] =
100.0 𝑚𝑚𝑜𝑙 𝐿−1 and different concentration of octanol and solution pH. The lines are 






Figure D21. Flow curves for the solutions containing [PA]/[C16TAB], with [𝐶16𝑇𝐴𝐵] =
100.0 𝑚𝑚𝑜𝑙 𝐿−1 and different concentration of decanol and solution pH. The lines are 






Figure D22. Flow curves for the solutions containing [PA]/[C16TAB], with [𝐶16𝑇𝐴𝐵] =
100.0 𝑚𝑚𝑜𝑙 𝐿−1 and different concentration of dodecanol and solution pH. The lines 






Figure D23. Surfaces showing the influence of the solution pH and alcohol concentration 
(hexanol, octanol, decanol and dodecanol) in the solution viscosity containing 
[𝑃𝐴]/[𝐶16𝑇𝐴𝐵] = 0.50 with [𝐶16𝑇𝐴𝐵] = 100.0 𝑚𝑚𝑜𝑙 𝐿
−1. The values were obtained 






Figure D24. Contour maps for the solution viscosity as function of the alcohol 
concentration and solution pHs. The alcohols used were 1-hexanol, 1-octanol, 1-decanol 







Figure D25. Zero-shear viscosity as function of the alcohol concentration for the solution 
containing [𝑃𝐴]/[𝐶16𝑇𝐴𝐵] = 0.50, with [𝐶16𝑇𝐴𝐵] = 100.0 𝑚𝑚𝑜𝑙 𝐿
−1 in different 
solution pH. The alcohols used were 1-hexagonal, 1-octanol, 1-decanol and 1-
dodecanol. The lines are only guide for the eyes and the values were obtained from at 








Figure D26. Zero-shear viscosity as function of the solution pH for the solution containing 
[𝑃𝐴]/[𝐶16𝑇𝐴𝐵] = 0.50, with [𝐶16𝑇𝐴𝐵] = 100.0 𝑚𝑚𝑜𝑙 𝐿
−1, in different alcohol 
concentrations. The alcohols used were 1-hexagonal, 1-octanol, 1-decanol and 1-
dodecanol. The lines are only guide for the eyes and the values were obtained from at 







Figure D27. Zero-shear viscosity as function of alcohol added into the solution containing 
[𝑃𝐴]/[𝐶16𝑇𝐴𝐵] = 0.50, with [𝐶16𝑇𝐴𝐵] = 100.0 𝑚𝑚𝑜𝑙 𝐿
−1, in different alcohol 
concentrations and solution pH. The alcohols used were 1-hexagonal, 1-octanol, 1-
decanol and 1-dodecanol. The lines are only guide for the eyes and the values were 





Appendix E  Static acid dissolution of carbonate outcrops 
investigated by time domain Nuclear Magnetic Resonance 
and X-ray tomography 
 
Table E1. Volume (𝑉) and surface area (𝑆) for the carbonate outcrops before and after the acid dissolution with HCl (on the left) and HAc (on the 
right). The values were obtained by using µCT technique. 
 HCl solution HAc solution 
 Before dissolution After dissolution Before dissolution After dissolution 
Rock 𝑉 / 𝑚𝑚3 𝑆 / 𝑚𝑚2 𝑉 / 𝑚𝑚3 𝑆 / 𝑚𝑚2 𝑉 / 𝑚𝑚3 𝑆 / 𝑚𝑚2 𝑉 / 𝑚𝑚3 𝑆 / 𝑚𝑚2 
HPD 200.58 246.17 178.09 271.00 – – – – 
LPD 204.15 189.71 123.16 170.51 201.67 187.81 192.29 288.72 
EDB 198.03 194.14 142.38 174.37 197.23 190.93 194.12 223.81 
DP 198.68 228.83 131.12 175.67 189.29 201.07 144.81 237.53 
EDW 199.78 218.17 136.44 152.52 199.24 199.42 162.08 286.74 




Table E2. Radii values calculated through the equations of volume (𝑅𝑣) and surface (𝑅𝑠) 
of a cylinder by using values presented in Table S1. The deformation parameter (𝑑) is 
also presented. Values were calculated for samples before and after the acid dissolution 
in HCl. 
HCl solution 
 Before dissolution After dissolution 
Rock 𝑅𝑣 / 𝑚𝑚 𝑅𝑠 / 𝑚𝑚 𝑑  𝑅𝑣 / 𝑚𝑚 𝑅𝑠 / 𝑚𝑚 𝑑 
HPD 3.49 4.16 0.16 3.29 4.45 0.26 
LPD 3.52 3.46 0.02 2.73 3.21 0.15 
EDB 3.47 3.52 0.02 2.94 3.26 0.10 
DP 3.47 3.96 0.12 2.82 3.28 0.14 
EDW 3.48 3.83 0.09 2.88 2.96 0.03 
IND 3.48 3.73 0.07 3.00 3.15 0.05 
 
Table E3. Radii values calculated through the equations of volume (𝑅𝑣) and surface (𝑅𝑠) 
of a cylinder by using values presented in Table S1. The deformation parameter (𝑑) is 
also presented. Values were calculated for samples before and after the acid dissolution 
in HAc. 
HAc solution 
 Before dissolution After dissolution 
Rock 𝑅𝑣 / 𝑚𝑚 𝑅𝑠 / 𝑚𝑚 𝑑  𝑅𝑣 / 𝑚𝑚 𝑅𝑠 / 𝑚𝑚 𝑑 
HPD – – – – – – 
LPD 3.50 3.44 0.02 3.41 4.64 0.26 
EDB 3.46 3.48 0.01 3.43 3.90 0.12 
DP 3.39 3.61 0.06 2.96 4.06 0.27 
EDW 3.48 3.59 0.03 3.13 4.62 0.32 







Figure E1. X-ray fluorescence spectrum of Silurian Dolomite (high permeability), HPD. 
 
 






Figure E3. X-ray fluorescence spectrum of Desert Pink, DP. 
 
 






Figure E5. X-ray fluorescence spectrum of Indian Limestone, IND. 
 
 











Figure E8. Photographs of carbonate outcrops after cycle 1 of acid dissolution. First three 
samples on the left were treated with HCl and the last three samples on the right were 






Figure E9. Photographs of carbonate outcrops after cycle 2 of acid dissolution. First three 
samples on the left were treated with HCl and the last three samples on the right were 






Figure E10. Photographs of carbonate outcrops after cycle 3 of acid dissolution. First 
three samples on the left were treated with HCl and the last three samples on the right 





Figure E11. Photographs of carbonate outcrops after cycle 4 of acid dissolution. First 
three samples on the left were treated with HCl and the last three samples on the right 





Figure E12. Microscopic images of thin sections for Desert Pink, DP. The scale pointed 





Figure E13. Microscopic images of thin sections for Edwards Brown, EDB. The scale 





Figure E14. Microscopic images of thin sections for Edwards White, EDW. The scale 





Figure E15. Microscopic images of thin sections for Indian Limestone, IND. The scale 





Figure E16. Microscopic images of thin sections for Silurian Dolomite. The scale pointed 






Figure E17. Amount of water incorporated as a function of the experimental cycle for 
each carbonate rock. Full symbols and continuous lines are for the results obtained for 
the samples treated with HCl and empty symbols and dashed lines for the samples 
treated with HAc. The color scheme is represented by the arrows and the respective 






Figure E18. Transverse relaxation time distribution (𝑇2) after progressive cycles of acid 
dissolution. On the left are presented the results obtained in HCl solution and on the 
right are presented the results obtained in HAc. Carbonate rocks used were HPD, LPD 





Figure E19. Heat map and points of distance between the treated surface and the 
original ones. On the left are presented data obtained treating the samples with HCl and 







Figure E20. Micro computed tomography images obtained before and after acid 





Appendix F  Evaluation of a new 
formulation based on viscoelastic 
surfactant for acid stimulation in 
carbonates 
 
Table F1. Parameters for zero-shear viscosity for the commercial diverting fluids (VES) 
and the different QuoVadis generations. 
Acid 
diverting 
𝜂0%  / 
cP 
𝜂𝑚𝑎𝑥  / 
cP 
𝜂𝑚𝑎𝑥 𝜂0%⁄  
Neutralization 
at 𝜂𝑚𝑎𝑥  / % 
Efficiency 
range / % 
Neutralization 
at phase 
separation / % 




160,580 1.0 0 0 – 20 50 
QV G1 335 1,809 5.4 40 20 – 50 60 
QV G2 347 3,794 10.9 40 30 – 60 80 
QV G3 A 
26,26
4 
26,264 1.0 0 0 – 10 50 
QV G3 B 1,218 13,186 10.8 30 30 – 50 60 
QV G3 C 
32,05
5 
66,433 2.1 10 10 – 30 60 
 
Table F2. Parameters for 10 𝑠−1 for the commercial diverting fluids (VES) and the 
different QuoVadis generations. 
Acid 
diverting 
𝜂0%  / 
cP 
𝜂𝑚𝑎𝑥  / 
cP 
𝜂𝑚𝑎𝑥 𝜂0%⁄  
Neutralization 
at 𝜂𝑚𝑎𝑥  / % 
Efficiency 
range / % 
Neutralization 
at phase 
separation / % 
VES 1 17 593 34.9 60 50 – 70 70 
VES 2 888 1,065 1.2 30 0 – 30 50 
QV G1 320 1,460 4.6 40 20 – 50 60 
QV G2 340 2,590 7.6 40 30 – 60 80 
QV G3 A 6,578 6,722 1.0 10 0 – 20 50 
QV G3 B 1,049 5,004 4.8 40 30 – 50 60 




Table F3. Parameters for 100 𝑠−1 for the commercial diverting fluids (VES) and the 
different QuoVadis generations. 
Acid 
diverting 
𝜂0%  / cP 𝜂𝑚𝑎𝑥  / cP 𝜂𝑚𝑎𝑥 𝜂0%⁄  
Neutralizatio
n at 𝜂𝑚𝑎𝑥  / 
% 
Efficiency 
range / % 
Neutralization 
at phase 
separation / % 
VES 1 17 222 13.1 60 and 70 50 – 70 70 
VES 2 148 218 1.5 10 0 – 20 50 
QV G1 164 400 2.4 60 20 - 60 60 
QV G2 204 688 3.4 80 20 – 80 80 
QV G3 A 704 911 1.3 30 20 – 30 50 
QV G3 B 380 686 1.8 30 20 – 60 60 
QV G3 C 644 875 1.4 60 
10 – 20 





Figure F1. Apparent viscosity obtained at shear rate of 50 𝑠−1 for VES 1 60% neutralized 
with Ca(OH)2 (left axis, black circles) and monitored pressure along the shear (right axis, 






Figure F2. Flow curves, presenting the viscosity as function of the shear rate for acid VES 




Figure F3. Flow curves, presenting the viscosity as function of the shear rate for 
QuoVadis G1 neutralized with Ca(OH)2 up to 60%. Experiments were performed at 






Figure F4. Flow curves, presenting the viscosity as a function of the shear rate for 
QuoVadis G2 neutralized with Ca(OH)2 up to 80%. Experiments were performed at 





Figure F5. Flow curves, presenting the viscosity as a function of the shear rate for 
QuoVadis G3 and its different compositions neutralized with Ca(OH)2 up to 70%. 






Figure F6. Illustrative scheme for an ideal diverting fluid regarding its viscosities 
variations as function of the neutralization percentage. Points indicated on the images 
are (I) the initial viscosity, prior to any neutralization; (II) maximum viscosity reached by 
the fluid; (III) increment in viscosity described by the ratio between the maximum 
viscosity and the initial viscosity; (IV) the efficiency range and; (V) the point where the 
viscosity starts to drop. 
 
 
Figure F7. Oscillatory stress sweep showing 𝐺’ and 𝐺” as function of the shear stress for 
QuoVadis G2 in 0, 40 and 60% of neutralization with Ca(OH)2. Full and open symbols 





Figure F8. Core-flooding experiments carried out using QuoVadis fluids and different 
Indian Limestone carbonates. The QuoVadis generation and carbonate used were in 
each case is showed in the corner of each graph and the petrophysical properties can be 
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